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Preface 
 
 In recent years, the synthetic research of magnetic materials based on organic 
molecules and/or polymers has been of current interest. While classical inorganic magnetic 
materials are comprised of d or f orbital metal spins, a purely organic-based magnetism is 
ascribed to the interaction of the p-electrons of C, O, N, etc. Such organic magnetic materials 
would have fundamentally new properties that provide valuable insights into the nature of 
magnetism, and would advance electronic, magnetic, and photonic devices to combine the 
magnetic properties with other mechanical, electrical, and optical properties. 
 A large number of organic magnetic molecules have been proposed for producing 
organic magnets. One of the probable approaches is the synthesis of polyradicals satisfying a 
pi-conjugated, but non-Kekulé and non-disjoint connectivity among the multiple radical sites. 
Such polyradicals afford a high-spin ground state with a strong through-bond ferromagnetic 
exchange interaction between the radical sites. Based on this strategy, linear-type polyradicals, 
in which the radicals interact one-dimensionally with each other, have been reported. Our 
group also synthesized linear-type poly(1,2-phenylenevinylene)s bearing pendant radical sites, 
such as nitroxide, Galvinoxyl, phenoxyl, and aminium radicals, and reported their magnetic 
properties. However, the one-dimensional spin-alignment has problems regarding the 
thermodynamic stability of a high-spin state and spin-defects which interrupt the strong spin 
coupling. Recently, multi-dimensionally extended polyradicals has been synthesized to 
overcome these problems. For example, the cross-linked or networked triarylmethine-based 
polyradical, which satisfies a multi-dimensional connectivity among radicals, was reported by 
Rajca et al. The polyradical eventually demonstrated the highest recorded spin quantum 
number value (S) of over a 5,000 spin-alignment at low temperature for purely organic 
molecules. However, the triarylmethane radical can survive only below 200 K, so chemically 
stable radical species are desired in such network high-spin polyradicals to raise the 
temperature range of the magnetic ordering and become a molecular-based material. 
 This thesis deals with the pseudo-two-dimensional spin-alignment of polyradicals 
bearing chemically stable radicals to realize a spin-alignment even at room temperature. The 
structure of the dendritic, networked, and macrocyclic macromolecules provide a 
pseudo-two-dimensional connectivity among the radical sites. Chapter 1 describes the 
theoretical approach for producing purely organic-derived magnetic molecules and synthetic 
examples, and the properties and syntheses of dendritic macromolecules are also reviewed. 
Chapters 2 to 5 present the synthesis of the pseudo-two-dimensionally extended polyradicals 
bearing chemically stable radicals, such as the aminium and Glvinoxyl radicals, and prove the 
spin-alignment even at room temperature. The last chapter concludes this thesis and proposed 
future prospects for magnetic materials based on organic molecules.  
Eiji Fukuzaki 
iv 
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1.1 Introduction 
 
  Magnetism is one of the nature's most fascinating and evergreen phenomena. A large 
number of inorganic magnetic materials have been synthesized and used in modern human 
civilization; e.g., motors, bearings, magnetic resonance imaging (MRI), NMR spectroscopy, 
data storage, etc. However, the synthetic research of purely organic magnetic molecules has 
been current of interest in the past two decade.
1-4
 The organic magnetic materials possess both 
the inherent properties of organic compounds and usable magnetic properties, such as 
ferromagnetism, ferrimagnetism, and superparamagnetism. It is expected that such materials 
afford peculiar and unprecedented phenomena not observed in the traditional inorganic 
materials. 
  Magnetic properties arise from the intrinsic spins of electrons. The electrons have a 
minute magnetic moment associated with the quantum-mechanical “spin”. The spins, which 
interact with each other, orient parallel or unparallel and afford a magnetic ordering. For 
example, a ferromagnet is a bulk material in which a large number of spins align in the same 
direction.  
 One of the potential approaches to realize on organic magnetic molecule is the 
synthesis of high-spin molecules and polymers.
5-7
 The strong through-bond ferromagnetic 
exchange interaction and spin-alignment at the ground state have been revealed by theoretical 
and experimental studies. These high-spin molecules are designed to satisfy a pi-conjugated, 
but non-Kekulé and non-disjoint connectivity among nonbonding molecular orbitals of the 
unpaired electrons or multiple radicals, which are atoms, ions, or molecules possessing 
unpaired electrons. These types of high-spin molecules can be extended to the corresponding 
non-Kekulé-type oligo- and polyradical molecules. A very high-spin state or spin quantum 
number (S) that is proportional to the degree of polymerization is predicated for the 
polyradical molecules, which may correspond to a classical magnetic domain. Recently, 
dimensional extension of the high-spin molecules has been investigated. The multi-directional 
connectivity among radicals affords a thermodynamically stable high-spin state and provides 
multi-coupling pathways to avoid crucial spin-defects for spin-alignment. For example, 
networked poly(1,3-pheylenephenylmethine)s reported by Rajca et al. have an average S 
value of 5,000.
8-9
 Additionally, polymers with a two- or three-dimensional topology have a 
variety of molecular shapes such as a globe, disk, rod, and wire, of nanometer size, and their 
shape and size are tunable. Such high-spin polymers are expected to be a new class of 
magnetic molecules. 
 In this thesis, pseudo-two-dimensionally extended high-spin polymers bearing 
chemically stable radicals, such as the aminium and Galvinoxyl radicals, are described. The 
pseudo two-dimensional structures were constructed to utilize a synthetic methodology for the 
dendritic macromolecules, and an example of the dimensional extensions of the high-spin 
molecules and their synthesis are demonstrated. 
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1.2 Conceptual Models for Organic Molecular Magnets 
 
 In this section, key models for the preparation of organic ferromagnets will be 
described. These models which discuss about how to design an organic magnet were proposed 
in the 1960s.  
1.2.1 Negative spin density product models 
 In 1963 McConnell suggested an intermolecular interaction involving a spatial 
arrangement of neighboring radicals which possess both positive and negative spin 
densities.
10
 McConnell noted that: “radicals with large positive and negative atomic densities 
which pancake such that atoms with positive spin density are exchange coupled to atoms with 
negative spin density should result in a ferromagnetic exchange interaction”. In the 
McConnell's model, a crystal lattice of radical is formed to align positive spin densities on the 
terminal atoms with negative spin densities on the central carbon atoms, as shown in Fig. 1.1. 
While the spins are canceled by anti-ferromagnetic coupling in (I), ferromagnetic interaction 
is possible if some atoms with negative spin densities neighbor on terminal radicals with 
positive spin densities as in (II). It is thus possible to exploit an inherently anti-ferromagnetic 
coupling to produce bulk ferrimagnetisms.  
 Cyclophane model compounds with the required solid state packing were synthesized 
to test McConnell's model.
11
 Among the three isomers of bis(phenylmethylenyl) 
[2,2-p-cyclophanes] only the pseudo-ortho and pseudo-para isomers satisfy McConnell's 
condition (Fig. 1.2). The two triplet carbenes coupled to be a quintet ground state. The 
overlapping mode in the pseudo-meta isomer leads to anti-ferromagnetic coupling and hence 
a singlet ground state. This provided the first experimental demonstration that the spin 
distribution of the pi electrons in layered benzenoids can determine the ferro- or 
anti-ferromagnetic interaction between carbene units. 
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Figure 1.1. Schematic representation of the
spin-alignment in the McConnell model.
Symmetric (I) and asymmetric (II) structures 
of the pair of allyl radicals.
Figure 1.2. Spin-alignments of the pair of the 
bis(phenylmethylenyl) [2,2-p-cyclophane]s
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1.2.2 Charge-transfer complex models 
 McConnell proposed charge transfer complex models to produce molecular 
ferromagnets.
12
 In normal ion radical charge transfer solids, intermolecular spin pairing 
affords a charge-transfer state with a neutral singlet structure, while the charge transfer pair 
(D
+
A
−
) possessing a back charge-transfer excitation with a neutral triplet state could couple 
adjacent donors and acceptors in a multi-dimensional array within a solid, then macroscopic 
parallel alignment and thus ferromagnetic behavior of solids will be possible (Fig. 1.3).
13, 14
 
 In 1982 Breslow suggested an improved model that stemmed from his earlier work 
on cyclic conjugated systems with 4n pi electron.14 Various hexaaminotriphenylene derivatives, 
which formed the corresponding chemically stable dication at low potentials, were 
synthesized as donor. These compounds were predicted to give a forward charge transfer from 
D
+
A
−
 to D
2+
A
2− with a ground triplet state. However, the complex of the aminotriphenylene 1 
with the hexacyano compound 2 exhibited an anti-ferromagnetic coupling. This result 
indicated a loss of degeneracy resulting from asymmetry structure of the donor in the complex 
(i.e. Jahn-Teller distortion) favoring a singlet ground state, or a lack of multi-dimensional 
interactions.  
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Figure 1.3. CT interaction. (a) ordinal CT complex, 
(b, c) McConnell's model, (d) Breslow's model  
 
 Various charge transfer complexes with degenerate orbitals have been proposed. 
Wudl et al. reported a 1:1 complex of buckminsterfullerene C60 with TDEA.
15
 The C60 was 
known to have the triply and five-fold degenerate LUMO and HOMO, respectively. Such a 
large number of degenerate levels could lead to unusual electronic and magnetic properties. 
This CT complex exhibited a ferromagnetic transition at 16 K and a magnetization without 
remanance, i.e. without retention of magnetism outside an applied field. These result indicated 
a transition to a soft itinerant ferromagnet. 
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1.2.3 Dipole-Dipole (Through-Space) exchange models 
 Dipole-dipole, through-space spin-spin interaction without the overlap of orbitals is 
due to magnetic fields generated by the magnetic moment associated with each spin. Recently, 
ferromagnetic orderings of nitroxide and nitronyl nitroxide radicals based on dipole-dipole 
interaction have been reported. The ferromagnetic nitroxide-based materials are designed to 
have large intramolecular spin polarizations, and to minimize the intermolecular overlap 
integrals between the SOMOs of radical centers and the vacant or doubly occupied MOs of 
neighboring molecules. The SOMOs of most mononitroxides are localized mainly on the N-O 
moiety. In nitronyl nitroxides, the unpaired electron is delocalized between nitrogen and 
oxygen and between both NO groups.  
 Kinoshita et al. reported a p-nitrophenyl nitronyl nitroxide 3 as first bulk organic 
ferromagnet.
16
 The transition temperature was only below 1 K. A 1,3,5,7-tetramethyl-2,6- 
diazaadamantane-N,N’-dioxyl 4 was prepared by Rassat.
17
 This nitoxide exhibited a 
ferromagnetic ordering due to the three dimensional network of NO chains. Ferromagnetic 
interactions using either the hydrogen bonding effects and the coulombic interactions were 
supposed, as shown in 5
18, 19
 and 6
20
. The various designs in α-nitronyl nitroxide have been 
reviewed.
21
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1.2.4 Topological models 
 The topological model can be simply explained by considering the 
trimethylenemethane (TMM) biradical first reported by Dowd.
22
 A ground triplet state of the 
diradical, in which two methyl radicals connected 1,1 to ethylene, was predicted by 
Longuet-Higgins (Fig. 1.5).
23
 Alternatively, a resonance structure of the diradical, in which 
two methyl radicals connected 1,2 to ethylene, and lead to a butadiene, has a singlet ground 
state. It follows that connectivity in molecular structures (topology) determines the nature of 
spin-coupling. An m-benzoquinodimethane, which is benzene-containing biradicals, has a 
triplet ground state and acts as a strong ferromagnetic coupling unit (FCU), whereas its ortho- 
and para-isomers are singlet ground states and act as anti-ferromagnetic coupling units 
(ACU).
24
 While the resonance structure of the o- and p-quinodimethanes (QDM) affords the 
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Kekulé structure with fixed alternating single bonds and double bonds, the m-quinodimethane 
never give the Kekulé structure and remains radicals in its structure. This structure called as 
non-Kekulé structure is essential for ferromagnetic spin-coupling. 
 
FCU
FCU
ACU
ACU
ACU
*
**
*
***
n
S = n/2
S = 1
Figure 1.5. The Kekule structure and spin coupling 
of two isomeric trimethylenemethane (TMM) and 
three isomeric quinodimethane (QDM).
Figure 1.6. Schematic representation 
of spin-alignment in Ovchinnikov 
model.'
 
 
 Ovchinnikov proposed an even simpler model to predict ferromagnetic coupling in 
planar alternant hydrocarbons.
25
 In an alternant system, pi-conjugated atoms can be subdivided 
into two groups denoted by starred (A
*
) and unstarred atoms (A) such that each A
* 
atom is 
surrounded only by A atoms, and vice versa. If the number of starred atoms (A*) and 
unstarred atoms (A) are not equal, the spin quantum number, S, will be non-zero and equal to 
half the difference in their numbers. For example, the trimethylenemethane has an S = 1 
ground state, and larger molecules such as poly(acetylene) can be predicted to have a large 
value for S (S = n/2 where n is the number of repeating units (Fig. 1.6).
25, 26 
 
H2C
H2C CH2
CH2
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CH2H2C
CH2
H2C
H2C CH2
CH2
CH2
CH2H2C
H2C CH2
tetramethyleneethane (TME)
tetramethylenebenzene (TMB)
trimethylenemethane (TMM)
m-quinodimethane (QDM)
Figure 1.7. NBMO of non-Kekule-type diradicals.'  
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 Borden and Davidson first introduced the concept of disjoint and non-disjoint system 
to molecular orbitals (MO) in consideration of configuration interaction (CI) in 1977.
27
 For 
example, the diradical, which have two nonbonding MOs (NBMOs) overlapping significantly 
(non-disjoint), gives a degenerate triplet ground state with ∆EST on the order of 10 kcal/mol. 
On the other hand, the separation of the two NBMOs (disjoint) yields the small exchange 
interaction (the S = 0 and S = 1 are near degenerate). The case of TMM and QDM, their 
NBMOs coincide effectively to be non-disjoint systems. These biradicals are triplet molecules 
with strong exchange interactions. And, the tetramethyleneethane (TME) and 
tetramethylenebenzene (TMB) afford singlet ground states because of their disjoint nature 
(Fig. 1.7). 
 These concepts are obviously applicable to designing of a pi-conjugated, but 
non-Kekulé and non-disjoint type high-spin radicals.
27
 For example, the stilbene diradicals 
were designed by our group.
28
 While the p, m’-isomer diradical favors the triplet ground state, 
the m, m’-isomer results in a very small exchange interaction between the two radicals (Fig. 
1.8). 
Np,m'-isomer NN
N
N N N
N
N
N
N
N
N N N
m,m'-isomer
...
N
N N N
...
N
N
N
Figure 1.8. Non-disjoint and disnoint-type connectivities of the diradicals  
 
1.2.5 Effectiveness of ferromagnetic coupling units 
 Polyradicals satisfying non-Kekulé and non-disjoint structure are expected to be 
high-spin magnetic materials, and the effectiveness of ferromagnetic coupling units (FCUs) 
also is crucial parameter for very strong spin-coupling. In recent decades, the type 
(ferromagnetic/antiferromagnetic) of spin coupling in pi-conjugated molecules and their 
coupling constants have been predicted by calculations. The strengths of spin-coupling were 
calculated carried out by Li et al.
29
 using the effective valence bond model
30
 on the biradicals 
(Fig. 1.9). The singlet/triplet energy separations, ∆EST, which refects the strength of 
spin-coupling between two radicals, were estimated. The energy separations for vinylidene  
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1.555 0.146 0.029 0.006
1.492 0.248
1.146 0.380 0.147
1.146 0.842 0.634 0.487
A
B
C
D
Figure 1.9. Singlet-triplet energy gaps, ∆EST, (eV) for various diradicals  
1.146 (0.573) 0.383 (0.383) 0.200 (0.310) 0.905 (0.302) 0.399 (0.399)
0.409 (0.204) 0.256 (0.256) 0.156 (0.078)
Figure 1.10. Energy gaps (coupling constant, −J) (eV) through the m-phenylene and 
2,3'-connected biphenyl units.  
units decayed drastically with increasing topological distance between the radicals, and the 
values for Set B and C decreased similarly, but in a more gradual manner. Significantly, the 
coupling through the sequential benzene rings, which have planner and stiff structure without 
torsion, was still appreciable (Set D). A strong spin-coupling will arise in the biradicals with 
short topological distances between radicals, and numerous coupling paths and large 
delocalization effects in FCUs also afford strong interaction. 
 The coupling constants (eV) of polyradicals possessing biphenyl and m-phenylene 
units were also discussed (Fig. 1.10). The calculation indicated that about two-thirds of the 
coupling constant in the diradicasl is maintained in the m-phenylene linked linear triradical 
and one-half in the circular triradical. The magnitude of coupling through the central 
m-phenylene in a tetraradical was lower than the terminal m-phenylene and should be a good 
approximation for a poly(m-phenylmethylene) system.  
 The 2,3’-connected biphenyl units can be used to design a class of molecules bearing 
pendant radicals which can couple effectively to avoid crucial spin-defects formed at spin 
sites. Interestingly, the coupling constant through the 2,3’-connected biphenyl in the triradical 
is slightly larger than that in the diradical due to amplification effect of the two terminal 
radicals on the central radical. 
 Lahti et al. investigated the strength of spin-coupling for pi-conjugated oligomer 
systems bearing pendant phenoxyl radicals were investigated using AM1-CI models.
3１ The 
ferromagnetic coupling for the poly(1,4-phenylene)- and poly(l,4-phenylenevinylene)-based 
systems was maintained up to five units. These polymers with reasonably large singlet/triplet 
Introduction 
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energy gaps are expected to be high-spin state. For the 1,l-ethenediyl spacers, the strength was 
decreased drastically in higher oligomers. The poly(acety1ene)- based system was found to be 
near-degenerate, with ∆EST of <1 kcal/mol. 
O
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O O O
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nn
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2
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5
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0.204
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2
3
4
0.238
0.117
0.117
0.095
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2
3
4
5
0.143
0.022
0.013
0.013
n ∆EHS-LS (eV)
1
2
3
0.217
0.052
0.030
Geometries were artificially held planarm with optimization carried out within this constrain for lower 
oligomer.
Figure 1.11. AM1-CI state energy gaps through pi-conjugated model oligomers  
 
1.2.6 Approach to high-spin polyradicals
1-7, 32
 
 A variety of high-spin polyradicals have been proposed and synthesized for organic 
magnetic molecules. The major synthetic approach introduces radicals in the pi-conjugated 
main chain to satisfy non-Kekulé and non-disjoint structure (linear-type polyradicals). For 
example, Iwamura et al. synthesized an m-phenylene linked pentacarbene 7 based on this 
approach and achieved an S = 5 ground state.
33
 Although these polyradicals display a strong 
ferromagnetic interaction among radicals, a small number of spin-defects interrupt 
through-bond coupling and significantly decrease S values. In contrast, pi-conjugated 
polymers bearing pendant or side-chain radical groups were proposed by Ovchinnikov. The 
pendant-type radicals can interact with each other through the conjugated main chain even  
FCU FCU FCU
FCU FCU FCU
F C U
R R R R
FCU : ferromagnetic coupling unit: radical (spin)
: a defect of radical (spin)
OC18H37
n
O
n
N
n
OCH3
CH3O
+
7
10
8 9
Figure 1.12. Conceptual models for high-spin polymers  
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when the polyradicals posses spin-defects (incomplete spin generation). Our group reported a 
poly(4-oxy-1,2-phenylene- vinylene) 8
34
 and a poly(4-aminium-1,2-phenylenevinylene) 9
35
 
bearing pendant phenoxy and aminium radicals, and their average S values were 4/2−5/2 and 
5/2, respectively. Fukutome suggested a new class of ferromagnetic conjugated polymers in 
which polaron spins generated by doping of pi-conjugated segments were interacted through 
ferromagnetic coupling units, such as m-phenylene.
35
 The first experimental approach was 
reported by Dougherty et al. The poly(m-phenyleneoctatetraene) 10, in which m-phenylene 
was the FCU and a tetraene was the easily oxidized polaron precursor, was lightly doped with 
AsF5 to form polarons which were found to be stable at room temperature.
37
 Magnetic 
properties indicating S = 2 suggested the existence of significant net ferromagnetic coupling. 
 
1.3 Dimensionality of spin alignment for pure-organic magnetic molecules
38 
 
 To afford bulk magnetic materials, a large number of spins comparable with 
Avogadro number should be interacted ferromagnetically and aligned, so that 
multi-dimensional spin-coupling are desired to align more spins. Additionally, extension of 
dimensionality has some other advantages in synthesis of magnetic materials. 
 First, multi-dimensional spin-alignment is more stable thermodynamically than 
one-dimensional alignment. For example, half of all one-dimensionally aligned spins can be 
inverted with an additional enthalpy, 2J, defined by the Heisenberg Hamiltonian (Eq. 1.1).
39, 40
 
                     2 , jiji SSJH ⋅−= ∑           (1.1) 
In this equation, J implies spin-coupling constant between neighboring spin sites, Sa and Sb. 
The magnitude of the required enthalpy 2J is independent of the length of the units, and such 
inversion of half of all spins near the center of the one-dimensional alignment is more 
favorable in terms of entropy as the chain length increases.  
 Consequently, any polyradical interacted one-dimensionally is expected to exhibit no 
spontaneous magnetization at finite temperature. These problems are solved by the extension 
from the one-dimensional alignment to two-dimensional structure. In the two-dimensional 
structure, half of all one-dimensionally aligned spins will be inverted with an additional 
enthalpy of 4nJ. Tyutyulkov et al. studied spin-alignment of one-dimensional carbene chain 
based on the Ising model. The calculation suggests that introduction of the interchain 
interaction, coupling constant of the which is two orders of magnitude less than the intrachain 
coupling of one-dimensional carbene, will raise the Curie temperature to 1000 K.
41
 As 
described above, the multi-directional spin-alignment affords thermodynamically stable 
high-spin state. The dimensional extension is a promising approach to prepare the 
polyradicals, which maintain a magnetic ordering even at room temperature. For example, 
Itoh and Mataga predicted a high-spin ground state derived form networked polycarbene, 
such as Mataga’s network polymer.
42
 Thus, the two-dimensional spin-alignment is predicted 
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to show ferromagnetic transition. And, Ising spins on a Bethe lattice possessing 
“star-burst”-type structure are also calculated to show a phase transition. A Bethe lattice is a 
connected cycle-free graph where each node is connected to z neighbours, where z is called 
the coordination number. It can be seen as a tree-like structure emanating from a central node, 
with all the nodes arranged in shells around the central one. The central node may be called 
the root or origin of the lattice. In the case of z is 3 or more, the number of nodes in the k'th 
shell, Nk = z(z − 1)
(k − 1)
, increased exponentially, and Ising model on this lattice exhibit a 
phase transition (Fig. 1.14). This Bethe lattice is popular as dendrimer in chemistry. In this 
thesis, pseudo-two-dimensional spin-alignment on the Bethe lattice (dendritic structure), 
which behaves like the two-dimensional spin-alignment, is discussed.  
 
1-D Structure
2J
4nJ
2-D Network
Mataga's network polymerr
Figure 1.13. Spin alignment in a 1-D chain and 2-D network. n and J are the
number and the exchange coupling parameter of the neighboring spins. Intra- 
and interchain J values are presumed to be the same for simplicity.
0
1
2
3
Figure 1.14 Dendritic structure 
on Bethe lattice
 
 
 Secondary, multi-directional structure provides multi-coupling pathways to avoid 
crucial spin defects for spin-alignment.
7
 Polyradicals are induced from corresponding suitable 
precursor using chemical, photochemical, and electrochemical reactions. These reactions are 
not exactly quantitative, and the polyradicals might be generated with radical spin-defects, 
and organic radicals in the polyradicals also disappear gradually with time except some of 
localized radicals. These spin-defects interrupt the strong spin coupling and drastically lower 
the spin value for the polyradicals. The dimensional extension of the structure provides 
multiple pathways for spin-alignment to overcome the spin-defects. Some multi-directionally 
extended polyradicals are cited below. 
 
Star-Branched Polyradicals 
 Iwamura et al. reported high-spin state, S = 9/2, of the two-dimentional branched 
chain nonacarbene 11.
42
 The nonacarbene 11 was induced by photolysis of the nonadiazo 
precursor in 2-methyltetrahydrofuran glass at 6.5 K. The magnetization plots at 2.1 and 10 K 
were very close to the theoretical Brillouin curve for S = 9/2, and superficial hysteresis loop 
was observed. The magnetization did not follow a switching of external magnetic field 
instantaneously, and the magnetization decreased with half-life of 30 min at 5 K. The 
super-paramagnetic-like properties were observed.  
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 The poly(arylmethyl) octet (S = 7/2) heptaradical 12 and undecet (S = 5) decaradical 
13 were synthesized by Rajca et al.
44
 SQUID measurement gave constant magnetic moment 
for both polyradicals between 10 and 100 K, which excluded intermediate strengths of spin 
coupling; an onset of weak antiferromagnetic interactions was observed at T < 10 K. 
 Our group synthesized star-shaped poly(1,2-phenylenevinylene)s 4-substituted with 
multiple pendant phenoxyl radicals, 14 and 15.
45
 These radicals were prepared from 
polymerization of bromostyrene derivatives in the presence of triiodobenzene or 
tris(diiodophenyl)benzene core via a simple one-pot Heck reaction and subsequent radical 
generation. The polyradicals were in a high-spin state at low temperature, and the 
ferromagnetic behavior was enhanced for the polyradical with a higher molecular weight. The 
polyradical 14 even with a spin concentration of 0.8 spin/unit revealed an average S of 7/2 to 
8/2. The 1,3,5-benzene core acted as an effective magnetic coupler to align the spins of the 
pendant phenoxyls through the star-shaped pi-conjugated backbone. An average S of the 
polyradical 15 remained at 3/2 to 4/2 because of insufficient connectivity between the three 
outerphenyl rings and the central 1,3,5-benzene ring.  
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Dendritic Polyradicals 
 Extension of the polyradicals to quasi-two-dimensional dendrimer and hypebranched 
polymer structure has been explored in the past decade. Iwamura et al. reported the 
dendrimer-type polycarbene 16.
46
 This structure is well-known as a Bethe lattice in physics. 
Ising spins on a Bethe lattice are predicted to exhibit a phase transition at finite temperature. 
Thus, the number of spins in this system becomes significantly larger as it extends. Although 
the dendrimer-type polycarbene 16 was expected to be nonadecet (S = 9), the magnetization 
indicated a pentadecet ground state (S = 7). Two proximal carbene centers might be 
cross-linked to form a heptacarbene with a stilbene unit.  
 Branched arylamines, 17a
47
 and 17b
48
, in which three phenylenediamine moieties 
will couple through 1,3,5-benzenetriyl coupler, was prepared by Blackstock et al. and Janssen 
et al., respectively. The methoxy-substituted arylamine was oxidized to trication with 
Th
+
ClO4
−
 or NOPF6. A susceptibility of the polyradical 17a in CDCl3 solution at 298.5 K was 
estimated by the Evans 
1
H-NMR shift method. The effective magnetic moment of 3.04 
indicated multiplet of the trication with quartet population of 52% and a slight preference for 
low spin (doublet) ground states. The polyradical 17b was also prepared from oxidation with 
phenyliodine(II) bis(trifluoroacetate) (PIFA). A zero-field splitting of ESR spectrum indicated 
a quartet state (S = 3/2). These aminium polyradicals were chemically stable even at room 
temperature. 
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 The dendritic heptaradical 18, pentadeca radical 19, and 31-radical 20 were 
synthesized by Rajca et al.
49, 50
 The dendritic pentadeca- and 31-ethers, which are precursors 
to these polyradicals, were prepared by a stepwise iterative approach. The prepared precursors 
converted to the corresponding polyradicals by anionization with lithium metal and 
subsequent oxidation with iodine. Although the polyradical 20 have 31 radical sites, an 
average S value remained at 7/2. Similarly, an average S value of the polyradical 19 
possessing fifteen radical sites was 5/2. One of the possible explanations for low S values was 
the presence of spin-defects, which disrupt ferromagnetic coupling between the triarylmethyl 
sites in these single-path systems. As shown in Fig 1.14., a defect in a dendritic polyradical 
may divide to three spin systems, S = 8/2, 3/2, and 3/2, and an average S value of this 
polyradical decrease drastically. 
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 Our group synthesized a hyperbranched poly(1,2,(6)-phenylenevinylene) bearing 
pendant phenoxyl radical.
51
 The polyradical 21 with only a spin concentration of 0.4 afforded 
an average spin state of S = 3. The pendant phenoxly radicals were aligned through the 
hyperbranched structure without interruption of ferromagnetic coupling by spin defects.   
O
O
O
O
O
O
O
21  
Networked Polyradical 
 Our group synthesized a networked poly(1,2-phenylenevinylene) bearing pendant 
phenoxyl radicals through a A3-B2 type polycondensation of the star-shaped subpart and 
1,3,5-tribromobenzene, and the subsequent oxidation.
52
 The polyradical 22 had an S =10/2 
ground state in the range of 1.8−5 K. The polyradical with the molecular weight of 3.2 × 104 
gave a disklike image of ca. 35 × 0.6 nm with both an atomic and a magnetic force 
microscopy: the molecular image was observed as a nano-scale and single-molecular-based 
magnetic dot. 
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 A magnetic property of a networked polyradical 23 was studied by Bushby et al.
53 
The polymer was prepared from the Pd-coupling of 1,3-dibromo-5-tetradecylbenzene with 
tris[(dihydroxyboranyl)phenyl]amine. A thin film of the polymer formed on glass wool was 
exposed to gaseous antimony pentachloride and oxidized to the polyradical 23. The 
magnetization plots at 2 K were very close to the theoretical Brillouin curve for S = 4. 
 A networked aromatic polyamine was prepared by Pd-catalyzed polycondensation of 
the trifunctionalized sec-amine monomer and the aryl dibromide.
53
 The polymer was oxidized 
to the corresponding polyradical 24, which displayed a substantial stability. A SQUID 
measurement revealed an average S of 8/2 to 9/2. These results indicated effective interaction 
of p-phenylenediamine-based cationic radicals through 1,3,5-benzenetriyl couplers. 
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Macrocyclic Polyradicals 
 Macrocyclic arylaminium radicals 25−27 were synthesized by Tanaka et al.,55 
Hartwig et al.,
56
 and Blackstock et al.
57
 X-ray crystallography of these polyradicals indicated 
an alternate meta-para-linked macrocyclic structure. ESR and/or NMR measurement 
indicated a triplet state devived from phenylenediamine-based aminium radicals coupled 
through m-phenylene and 2,7-naphthalene bridges. These macrocyclic arylamines are 
prospective frameworks for ladder-like high-spin polyradicals. 
 Iwamura et al. synthesized a calix[6]arene based macrocyclic hexacarbne 28 for the 
two-dimensional cyclic structure.
58
 The ring structure was constructed by the established 
method of synthesis of calix[6]arene. Photolysis of a diazo precursor afforded the 
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hexacarbene without generation of low spin species. The magnetization plots were very close 
to the theoretical Brillouin curve for S = 6/2. The macrocyclic hexacarbene 28 has rigid 
structure in which the carbenes appear to be fixed in mutually non-reactive positions.  
CH3
CH3
CH3
CH3
CH3O OCH3
OCH3CH3O
CH3O
CH3O
OCH3
OCH3
+ + + + + +
25 26 27 28  
 Rajca et al. reported a macrocyclic octaradical 29 (S = 3.8), in which spin-defects 
interrupt negligibly ferromagnetic coupling.
59, 60
 This cyclic connectivity is oblivious to one 
spin-defect. The distortion of calix[4]arene-based polyradical 29 is large enough to provide 
steric protection for the kinetic stability but still moderate to preserve the ferromagnetic spin 
coupling (high-spin ground states). Therefore, calix[4]arene-based macrocyclic polyradical 29 
is viable building blocks for defect-resilient high-spin polyradicals. This structure was 
annealed to a ladder like trimacrocyclic tetradecaradical 30 and an “organic spin cluster” 31.
61, 
62
 These polyradicals avoided the decrease in spin multiplicity and gave very high-spin state 
of S = 6.2 and 10, respectively. Furthermore, a polymacrocyclic network polyradical 32 was 
synthesized from Pd-catalyzed Negishi coupling of tetrafunctionalized macrocyclic 
calix[4]arene module.
8
 The polymer 32 was designed with a large density of cross-links and 
alternating connectivity of the macrocyclic calix[4]arene subpart (S = 4/2) and the 
bis(biphenylene)methyl linker (S = 1/2). This structure permits large net S values for either 
ferromagnetic or antiferromagnetic exchange couplings between the subparts. An average S 
value of the benzene-soluble part of polyradical with Mn > 10
5
 was S > 40. Remarkably, an 
insoluble part of the polyradical possessed an average S value of 5,000 below 10 K and 
behaved as intermediate between insulating spin glassed and blocked superparamagnets, but 
closer to spin glasses.
9
 Recently, a remarkable ferromagnetic exchange couplings between 
macrocyclic calix[4]arene modules and bis(biphenylene)methyl linkers were complemented 
by magnetic properties of the linear and branched fragments of the network polymer 32.
63, 64
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1.4 Dendritic and branched polymers 
 
1.4.1 General properties of dendritic polymers 
 The dendritic polymers, which have well-defined and three-dimensional structure, 
have been well established with theory, synthesis, characterization of structures, and studies 
on properties and potential applications. Historically, polymers have been classified to the 
three macromolecular architectural classes, i.e. (ⅰ) linear, (ⅱ) crosslinked, and (ⅲ) 
branched. In the polymer field, dendritic polymers have been recognized as fourth class 
macromolecular architecture.
65−67
 A large number of synthetic methodologies have been 
reported for the dendritic polymers, which have successive branching units. The dendritic 
polymers are classified briefly by structural control to two architectural subclasses: (ⅳa) 
random hyperbranched polymers and ( ⅳ b) dendrons and dendrimers (Fig. 1.15). 
Hyperbranched polymers, having an irregular architecture with incompletely reacted branch 
points, are prepared by one-step self-polymerization of ABx type multi-functional monomers. 
On the other hand, dendrimers are highly ordered, regular branched, globular macromolecules 
prepared by a stepwise iterative approach. 
 
A
B
B
DendrimerHyperbranched Polymer
A
B C
Dendron
Figure 1.15. Classification of dendritic polymers  
 
 The solution viscosities of dendritic polymers are lower than those of linear 
polymers.
68−70
 The low viscosity implies that dendritic polymers are less entangled due to 
spherical molecular shape. A fig 1.16 displays the relationship between intrinsic viscosity and 
molecular weight. Dendrimers show a unique relationship. The viscosities are smaller than 
hyperbranched and linear polymers in the all ranges of molecular weight. The plots attain the 
maximum at any molecular weight, and then decrease. These unusual properties result from 
their regular globular structure. The slope for the hyperbranched polymers is smaller than that 
for the linear polymers although instrinstic viscosities increase with increasing the molecular 
weight of hyperbranced polymers. A α values in the Mark-Houwink-Sakurada equation (η = 
kM
α
) are between 0.5 and 1.0 for randomly coiled linear polymers. On the other hand, those 
for hyperbranched polymers are less than 0.5, suggesting a spherical molecular shape in 
solution. In GPC measurements, the retention volume for dendritic polymers tends to be 
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smaller than that for linear polymer having the same molecular weight. This also suggests 
compact form for dendritic polymers in solution in comparison with linear polymers. 
 
 
Linear
Hyperbranched
Dendrimer
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L
o
g
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η
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Figure 1.16. A comparison of the intrinsic 
viscosity vs molecular weight relationship.
Figure 1.17. Rg (radi of gyration) of dendritic 
polymers.   
 
1.4.2 Structure and properties of hyperbranched polymers
71
 
 A typical hyperbranched polymes are prepared from an AB2 monomer.
72
 
Hyperbranched polymers have three types of repeating units classified as dendritic, linear, and 
terminal units. Although dendrimers are composed of dendritic and terminal units, 
hyperbranched polymers have linear units, which possess one unreacted B function. 
Figure 1.18. Schematic architecture of hyperbranched 
polymers from AB2 monomers.  
 Frèchte proposed the degree of branching as a factor to indicate the structure of 
hyperbranched polymers (Eq. 1.2).
73
 
    
Degree of branching (DB) =
D + T
D + T + L
(1.2)
 
In this equation, D is the number of dendritic units, T is the number of terminal units and L is 
the number of linear units. The degree of branching (DB) is an important indicator to compare 
the irregular structure of hyperbaranched polymers. Frey reported a modified equation of DB 
based on the growth directions (Eq. 1.3).
74
 
    
DB =
2D
2D + L
D + T − N
D + T + L − N
= (1.3)
 
linear polymer dendritic polymer
Rg
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In this equation, N is the number of molecules. These equations give almost same DBs for 
hyperbranched polymers with high molecular weights. Frey described that the DB of 
hyperbranched polymers prepared from AB2 monomer statistically approaches 0.5. If 
polymerization reaction proceeds symmetrically and DB of the polymer is equal to 1, the 
architecture of the hyperbranched polymer is eventually the same as corresponding dendron.  
 DBs of hyperbranched polymers are usually estimated from NMR spectroscopy. 
1
H-NMR, 
13
C, 
15
N, 
19
F, and 
29
Si-NMR have all been used. DB of the polymers with 
degradable linkage such as esters and carbonates can be estimated from quantitative analysis 
for degradation products of the polymer.
75, 76 
 Hyperbranched polymers prepared from ABx monomers have many unreacted B 
functional groups, and the number of B groups is theoretically equal to number of the 
repeating units. The property of the terminal units (B functional groups) affects those of 
hyperbranched polymers, whereas the influence of end units of linear polymers decreases 
with increasing the molecular weight. Therefore, the properties of hyperbranched polymers, 
such as the glass transition temperature and solubility, can be controlled with end-capping of 
end units (unreacted B functional). The dendritic structures give macromolecules solubility to 
organic solvents. It has been reported that hyperbranched polyphenylenes and hyperbranched 
aromatic polyamides are soluble in organic solvents, whereas the linear polymers are almost 
insoluble due to the rigidity of their main chains.  
 Applications of hyperbranched polymers have been investigated in many fields.
77, 78
 
The encapsulations of dye molecules and polymer blends with linear polymers have been 
investigated.
79, 80
 Moreover, hyperbranched polymers have been expected as functional 
polymers, such as crosslinking agents,
81
 liquid crystals,
82, 83
 energy transfer materials,
84
 
electroluminescent (EL) devices,
85
 and non-linear optical materials.
86
 It has been reported that 
hyperbranched polymers often show similar properties, such as low viscosities, good 
solubilities, thermal properties, and chemical reactivities, as dendrimers. The hyperbranched 
polymers may be cost-effective alternative materials for dendrimers.  
 
1.4.3 Synthetic methodology of hyperbranched polymer 
 Hyperbranched polymers have been prepared by several methodologies. The 
polymerization methodologies are classified into three major categories: (1) polycondensation 
of ABx monomers; (2) self-condensing vinyl polymerization (SCVP) of AB
*
 monomers; and 
(3) ring-opening polymerization of latent ABx monomers. 
 Many kinds of hyperbranched polymers, such as hyperbranched polyphenylenes, 
polyethers, polyesters, polyamides, polycarbonates, and poly(etherketone)s, are prepared by 
one-step self-polycondensation reactions of ABx monomers. A conceptual scheme is shown in 
Fig. 1.19. AB2 type monomers are often used because of easy preparation. AB3, AB4, and 
even AB6 monomers are also reported in order to control the branching pattern. 
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Figure 1.19. Schematic representation of AB2 monomer polycondensation. 
 The second methodology to synthesize hyperbranched polymers is self-condensing 
vinyl polymerization (SCVP) invented by Fréchet.
87
 In this polymerization, the B groups of 
the AB monomers are activated to generate the initiating B
*
 sites. Activated monomer reacts 
with vinyl groups, and forms a dimer and a new active B
*
 site. The dimer can function as an 
AB2 monomer, and undergo further polymerization to yield the hyperbranched polymer. A 
living free radical, electrophilic cation, and carbanion are used as activated species. In SCVP, 
different activities of the growth sites and the initiating sites affect the structure of the 
resulting polymer.  
H2C CH
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H2C CH
B*
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H2C CH
B CH2 CH2
B*
*
one initiating and
one propagating
center
Figure 1.20. Schmatic representation of self-condensing vinyl polymerization  
 
 The third category is ring-opening polymerization of latent ABx type monomer, 
which was termed reported ‘multi-branching polymerization (MBP)’ by Suzuki in 1992.
88
 The 
conceptual scheme is shown in Fig 1.21. Branching units are generated from ring-opening 
reaction of monomers. The polymerization is initiated by the addition of proper initiators to 
generate active sites.  
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Figure 1.21. Schematic representation of AB2 ring-opening polymerization.  
 
One-step self-polycondensation reactions 
polyphenylenes 
 A hyperbranched polyphenylenes 36 were prepared through aryl-aryl coupling 
reactions. 1,3,5-Tribromo and trichlorobenzene were converted to the boronic acid 34 and the 
Grignard agent 35, and polymerized using metal catalyst, as shown in scheme 1.1.
89, 90 
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 A palladium catalyzed polymerization gave the hyperbranched polyphenylenes 36. 
Mn and Mw/Mn determined by GPC were 32,000 and 1.13, respectively. The polycondensation 
using Grignard agent 35 gave a polymer with a lower molecular weight. The hyperbranched 
polyphenylenes 36 was soluble in organic solvents, such as o-dichlorobenzene, 
tetrachloroethane, and tetrahydrofuran, despite rigid main chain composed of phenyl rings. 
The thermal properties and solubilities were controlled by modification of terminal units. The 
polymers capped with non-polar functions, such as methyl and trimethylsilyl groups, were 
soluble in diethyl ether. Conversion of terminal units into lithium carboxylate was also 
reported, and this polymer formed micelle in water. 
 
polyester 
 Fréchet et al. reported synthesis of a hyperbranched polyester 38 from 
homopolymerization of AB2 type monomer, 3,5-bis(trimethylsiloxyl)benzoyl chloride 37.
73, 91 
The hyperbranched polyesters 38 were prepared by heating in the range of 190 to 275°C. The 
reaction time was 1 to 2 h. The molecular weight determined by GPC-MALLS was about 
80,000. The polydispersity and the molecular weights were dependent on the reaction 
condition. The resulting polymers are composed of three kinds of repeating units: dendritic, 
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linear, and terminal. Characterization was readily accomplished by NMR with the help of 
model compounds, and the ratio of each unit was also determined. The degree of branching 
determined from NMR experiments was between 55 and 60%. The polyesters 38, which 
contain reactive hydroxy-terminated groups at all chain extremities, were glassy materials that 
show a very high thermal stability comparable to that of analogous linear polymers, and were 
soluble in common organic solvents such as acetone, THF, and DMF. 
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 A synthesize of hyperbranched aromatic polycarbonates 40 from an AB2 monomer 
derived from 1,1,1-tris(4’-hydroxyphenyl)ethane was reported by Wooley et al.
76
 The 
monomer 39 was polymerized at 70°C with AgF to yield the hyperbranched aryl 
polycarbonate bearing carbonylimidazolide chain ends. After hydrolysis of chain ends with 
methanol upon precipitation, phenol-terminated hyperbranched polycarbonates 40 were 
isolated. The degree of branching (DB) was determined by degradation products of the
polymers. The terminal hydroxyl groups were protected with tert-butyldimethylsilyl chloride, 
and then the carbonate linkages of the polymer was degraded with lithium aluminum hydride. 
The corresponding dendritic 41, linear 42, and terminal units 43 were obtained as degradation 
products. An analysis of the products by HPLC allowed for determination of DB of 53%. 
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Poly(ether imide)s 
 Synthesis of hyperbranched polyetherimides 45 from a protected AB2 monomer 44 
were reported by Moore et al.
92
 The polycondensation was performed through the 
etherification of protected phenol and aryl fluoride with cesium fluoride in diphenylsulfone at 
240°C. The tert-butyldimethylsilyl (TBDMS) was used to protect the hydroxyl groups. Within 
seconds of melting, the reaction mixture began bubbling vigorously and TBDMS fluoride 
evolution was observed.  
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 The DB for the polymer 45 was determined by a combination of model compounds 
studies and proton NMR integration experiments. Scheme 1.5 shows the model reaction to 
determine the theoretical DB. Samples of 1 equiv of B2 monomer 46 and 1 equiv of 
fluorophthalimide 47 were reacted under the same conditions used for the polymerization. A 
quantitative recovery of material yielded a 1:1:1 mixture of unreacted B2 monomer 46, 
monoarylated product 49, and diarylated product 48. These products correspond to terminal, 
linear, dendritic units of the polymer, respectively. The DB was then estimated to be 67%. The 
polymer 45 was highly soluble in common organic solvents and was one of the most 
thermally stable hyperbranched polymers yet prepared. The temperature for 10 wt% loss in air 
of the polymer was 530°C.  
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One-step self-polycondensation reactions 
Polystyrene 
 Hyperbranched polystyrenes 51 have been synthesized by cationic and radical 
polymerization. Cationic polymerization of 3-(1-chloroethyl)styrene 50 with SnCl4 and 
tetrabutylammonium bromide was reported.
87
 The styrene derivative 50 was polymerized in 
dry dichloromethane under nitrogene in the range of −15°C to −20°C. The combination of the 
Lewis acid and the ammonium salt was used as a living/controlled system for the 
polymerization of styrene.  
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Figure 1.22. Self-condensing vinyl polymerization of 3-(1-chloroethyl)styrene by SnCl4 
 
 Time-dependence profile of molecular weight was similar with that of typical 
polymerization. The mechanism of this polymerization was proposed, as shown in Fig 1.22. 
The Mw determined by GPC was in the range of 17,000 to 660,000, depending on the reaction 
condition. The intrinsic viscosity of the hyperbranched polystyrene 51 was lower than that of 
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linear polystyrene as well as hyperbranched polystyrene synthesized from 
self-polycondensation of ABx monomers.  
  The hyperbranched polystyrenes were also prepared through nitroxide
93
 and 
transition metal
94
 mediated living radical polymerization. 
 
Multibranching ring-opening polymerization 
 
Polyamines 
 Hyperbranched polyamines 54 composed of primary, secondary, and tertiary amino 
moieties were prepared by palladium-catalyzed decarboxylative ring-opening polymerization 
at 25°C with the aid of benzylamine as the initiator.
88, 95
 NMR spectroscopy indicated that the 
polymers contained not only primary and tertiary but also secondary amino moieties as linear 
units. The molecular weight increased with decreasing the amount of the initiator. The 
polymerization of 53 was restricted to a molecular weight of ca. 3,000 because of 
precipitation. 
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1.4.4 Synthetic methodology of dendrimaers 
 Dendrimers are highly ordered, regularly branched, globular macromolecules 
prepared by a stepwise iterative approach.
64, 66, 95
 Their structure is divided into three distinct 
architectural regions: (i) a core or focal moiety, (ii) layers of branched repeat units, and (iii) 
terminal groups on the outer layer of repeat units. A dendrimer is composed of several 
subunits and have perfect fractal structure. These subunits are divided to smaller subunits. 
These subunits of the dendrimer are called as dendron. Three characteristic features are 
advanced for dendrimers compared with traditional linear polymers. (i) A dendrimer can be 
isolated as an essentially monodisperse single compound resulted from a well-designed 
iterative synthesis. (ii) As in the case of hyperbranched polymers, the properties of dendrimers, 
such as solubility, chemical reactivity, glass transition temperature, are dominated by the 
nature of the end groups. (iii) A growth of dendrimers is restricted by steric hindrance. As a 
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result of this physical limitation, dendritic molecules develop a more globular conformation 
as generation increase. Two general synthetic approaches, the divergent and the convergent, 
have been used for the synthesis of dendrimers. 
Dendrimer
A
B C
Dendron a core or focal moiety
G = 1 G = 2 G = 3G = 0
Terminal groups
layers of branched 
repeat units
Figure 1.23. Constituents of dendrimers  
 
 In the divergent approach, branched structures are propagated outward from a core of 
the dendrimer by the repetition of coupling and activation steps.
97, 98
 The terminal functional 
groups of the core are coupled with building blocks to introduce a new branch point at each 
coupling site and increase the number of terminal functional groups. (Fig. 1.24: coupling step). 
The terminal groups on each building block are protected to prevent uncontrolled 
hyperbranched polymerization. After the first coupling reaction, these terminal protected 
groups are deprotected to reactive terminal groups capable of coupling to additional building 
blocks, and then repetition of the coupling and deprotection steps leads to an exponential 
increase of molecular weight of the dendrimer.  
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Figure 1.24. Conceptual scheme of divergent approach.  
 
 
 In the convergent method, branched structures are propagated inward from exterior 
of the dendrimers.
99, 100
 The end groups are coupled with building blocks to yield dendrons 
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(Fig. 1.25: coupling step). After completion of the coupling, the single functional group of 
dendron is deprotected to activate (activation step). The activated dendron is coupled with 
additional building blocks to yield a higher generation dendron. After sufficient repetition of 
these processes, these dendrons can be attached to a polyfunctional core to form a globular 
dendrimer. Although again an iterative synthesis, the convergent route strongly contrasts its 
divergent counterpart since it involves only a small number of reactions per molecule during 
the coupling and activation steps.  
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Figure 1.25. Conceptual scheme of convergent approach.  
 
 The synthetic method using two types of building blocks is also developed to skip the 
protection and deprotection steps.
101 
 
 
R Y
X
A A
X
θ θ
RR
Y
B B
Y
θ θθ
θ θ
θ
R
RR
R
X
θ θθ
θ θ
θ θ
θ
R
R
θ θ
RR
θ
θ
R
R
θ θ
R R
X
A A
+
θ : Function connecting A and Y or  B and X
Possibility of reaction
○
○―
―
A B
X
Y
Figure 1.26. Conceptual scheme of orthogonal approach.  
Chapter 1 
28 
Convergent synthesis 
 An effective convergent synthesis requires high yield activation and coupling 
reaction, and the products should be readily isolated from excess starting material and 
byproducts.  
 
Poly(aryl ether)dendrimers 
 The synthesis of poly(benzyl ether) from 3,5-dihydroxybenzyl alcohol as the 
building block 55 was reported by Hawker and Fréchet.
99, 100
 In the first step, the two phenolic 
groups of the building block 55 were condensed with a benzylic bromide 56 in the presence of 
potassium carbonate and 18-crown-6 to yield the second generation benzylic alcohol 57 with 
the two new ether linkage, and then the second generation benzylic alcohol 57 was converted 
to the brominated dendron 58 by SN2 reaction using CBr4 and PPh3 for the next coupling step. 
Subsequent repetition of Williamson coupling and bromination step gave the sixth generation 
dendrons 65 and 66.  
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 The convergent growth procedure has a difficulty in coupling reaction of very high 
generation dendrons because of steiric hindrance. For example, the yields of the coupling 
reactions for the first four generations were consistently near 90%, but drop to 85% at the 
fifth generation coupling step and to 78% at the sixth. All of the dendrons from generation 
one to six were also effectively coupled with the tris(phenolic) core 67 to form tridendron 
dendrimers, though an analogous steric hindrance decrease yields for the larger dendrimers 
68-74. This Williamson type convergent dendritic synthesis is acceptable for the number of 
variations of poly(aryl ether) dendrimers. 
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Poly(alkyl ester) dendrimers 
  A synthesis of polyester dendrimer from benzyl 2,2-bis(hydroxymethyl)propanoate 
75 as building block was reported by Hult et al.
101
 The two alcohol groups of the benzyl 
propanoate 75 were coupled efficiently with an acid chloride 76, and then the focal benzyl 
ester was removed by hydrogenolysis with oxalyl chloride to prepare the corresponding acid 
chloride 78. The iterative procedure was repeated to the fourth generation dendron 81. The 
ester linkages are covered with the neighboring quaternary carbon, and these polyester 
dendrons exhibit high stability to acidic condition.  
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Poly(aryl alkyne) dendrimers 
 Moore et al. reported simplified synthesis of poly(aryl alkyne) dendrimers. Dendrons 
were synthesized from the diethynyl monomer 82 with a triazene protecting group.
103
 The 
terminal alkyne groups of the monomer were coupled with the first generation aryl halide 
dendrons 86 using palladium catalyst to yield the second generation dendron 87. The triazene 
groups were halogenated and activated quantitatively to an aryl halide for further coupling 
with the building block 82. The fifth generation dendrons were synthesized using this 
approach. The terminal di(tert-butyl)phenyl groups solubilize the phenylacetylene dendrimers 
to organic solvent. The phenylacetylene dendrimers composed of rigid and conjugated 
structure have persistent molecular shape
104
 and exhibit interesting photophysical 
properties.
105−107
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Poly(aryl alkene) dendrimers 
  The Meier and Burn groups both applied a convergent approach to synthesis of 
phenylenevinylene dendrimers. Meier et al. reported the preparation of the dendrimers 
through Wittig-Horner coupling of aldehyde 92 with the bis(phosphite)monomer 91.
108−110
 
The dimethoxyacetal of the product 93 was readily deprotected to the active aldehyde 94. The 
fourth generation dendrimer 97 was prepared from this approach.  
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 Burn et al. reported the iterative procedure using simple Heck reaction and Wittig 
reaction.
111, 112
 Heck coupling of 3,5-di-tert-butylstyrene 99 with 3,5-dibromobenzaldehyde 98 
yielded first generation aldehyde-focused dendron 100, and then the aldehyde was reacted 
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with the methylene triphenylphosphonium ylide to give the styrene derivative 101. This 
dendron was propagated to the third generation 103. The phenylenevinylene (stilbenoid) 
dendrimers afford photophysical and photochemical properties, and application to 
light-emitting diode and non-linear optical devices have been discussed.
113, 114 
 
Further approaches 
  A number of modified approaches, which combine the convergent and divergent 
method, have been reported to overcome synthetic difficulty, such as low-yield at high 
generation number and purification. These procedures reduce the number of synthetic steps to 
prepare larger dendrimers with the versatility. 
 
Multigeneration coupling: Hypercores, Hypermonomers, and Double Exponential 
Growth 
 Fréchet et al. developed the “hypercore” approach to improve the yields of sterically 
hindered high-generation of poly(benzyl ether) dendrimer.
115
 In this approach, dendrons were 
coupled with a dendritic core grown to high generation using convergent approach. A third 
generation dendrimers 104 were prepared from 4,4-bis(4’-hydroxyphenyl)pentanol as 
monomer, and terminal benzyl ethers were converted to hydroxyl groups by hydrogenolysis 
using Pd/C catalyst. The phenolic “hypercores” 105 were coupled with the fourth generation 
dendritic bromide 62 to yield the seventh generation dendrimer 106. This so-called “double 
stage convergent” approach gave a more rapid and shorter synthetic route to very 
high-generation dendrimers. The dendrimers synthesized using this approach have different 
internal and external repeating units. 
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 The “hypermonomer” approach enabled addition of multiple generations at each 
coupling step. Instead of stepwise growth using first generation dendrons, dendrons were 
coupled with other multigenerational dendrons to yield larger dendrons with two or more 
layers of different branching units. Dehaen studied coupling of silyl protected second and 
third generation dendrons, 107 and 108, with the poly(benzyl ether) dendrons initially 
reported by Fréchet et al. to improve yields of high generation dendrons.
116, 117
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 The “double exponential dendrimer growth” approach was proposes by Moore et 
al.
118
 A trifunctional monomer with orthogonally masked focal and terminal groups was 
deprotected either at the focal point, to prepare activated dendron, or at the terminal, to obtain 
the first generation monomer. Subsequent coupling of the monomer and the dendron in a 
proper stoichiometric ratio gave a second generation dendron, and then the dendron was 
deprotected similarly either at the focal point or at the terminal. Coupling of the resultant 
activated second generation dendrons and the second generation monomer yielded a fourth 
generation dendron. By this repetition process, the number of repeat units accumulates 
according to a double exponential function in terms of generation. 
 To demonstrate the feasibility of double exponential growth, Moore et al. prepared 
phenylacetylene monomer 109 with orthogonal focal triazene protecting group and two TMS 
protected acetylenes. The focal triazene was converted to an iodo group to give the activated 
first generation dendron 111, and removal of the TMS groups afforded the activated first 
generation monomer 110. Coupling of the monomer 110 with 2 equiv of the dendron 111 gave 
the second generation dendron 112. Subsequent halogenation of the focal point and 
deprotection of the terminal yielded the second generation dendrons 113 and the monomer 
114, respectively. The two resultant products lead to fourth generation dendron 115. The 
eighth generation dendron was synthesized by this method, however coupling of eighth 
generation dendrons and monomer could not be accomplished. 
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Orthogonal Synthesis 
 The orthogonal approach is one of the convergent approaches using two different 
monomers to skip activation step. The monomers, an AB2 and a CD2, must be selected such 
that the focal group of each monomer will only react with the other monomer (B reacts only 
with C and D only with A).  
 
R
R
O
R = t-Bu
R
R
R
R
i
90%
R R
R
R
Br
H
R
R
RR
56%
 ii
 i
67%
Br
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
H
O
i. NaH, HMP,
PP
O OEtOEtO
OEtEtO
ii. Pd(OAc)2, K2CO3,
    (n-Bu)4N
+Br−
O
H
118 119
120
121
122
123
Scheme 1.17
Br
 
 
Introduction 
35 
 For example, Yu et al. reported the first orthogonal synthesis of chemically 
homogeneous phenylenevinylene dendrons.
119 
In this approach, two reactions, the Heck 
reaction and the Wittig-Horner reaction, were alternatively used to construct a vinylene 
linkage. Due to the fact that both reactions mutually tolerate the functional groups, protection 
chemistry was not needed in each step. Two AB2 type monomers 118 and 119, one of which 
underwent the Wittig-Horner reaction and the other underwent the Heck coupling reaction, 
were prepared to afford phenylenevinylene dendrimer. Coupling of a 
3,5-di-tert-butylbenzaldehyde 120 with two bis(phosphite) monomers 118 gave second 
generation dendrons 121, and the vinylene linkages were grown to the third generation 122 
using Heck reaction with 3,5-divinylbenzaldehyde 119. This orthogonal iterative procedure 
gave the fourth generation phenylenevinylene dendron 123 in an overall 15% yield in just 
four steps. 
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2.1 Introduction 
 
 The synthetic research of high-spin molecules and polymers for a purely 
organic-derived magnetic material has been of current interest in the past two decades.
1−4
 
High-spin molecules have been synthesized based on the molecular design to satisfy a 
pi-conjugated, but non-Kekulé and non-disjoint connectivity among the multiple radical sites 
or nonbonding molecular orbitals of the unpaired electrons, which realizes a strong 
through-bond ferromagnetic exchange interaction.
5−9
 Organic radicals with both chemical 
stability and spin-delocalization are desirable spin sources for the high-spin molecules. 
Meta-connected triphenylmethyl radicals have been extensively studied as such a spin source 
by one of the coauthors (A.R.). This work eventually led to a highly cross-linked network 
polymer with a magnetic ordering and a huge magnetic moment corresponding to S (spin 
quantum number) > 5000.
10−13
 However, the triarylmethyl radical survives only below 170 K. 
Chemically stable radicals would facilitate studies of super high-spin molecules for 
molecular-based magnetic materials. 
 The galvinoxyl radical formed through the oxidation of 
3,3’,5,5’-tetra-tert-butyl-4,4’-dihydroxydiphenylmethane is a stable phenoxyl-based radical at 
ambient conditions, and can be isolated as a crystal.
14−16
 Its chemical and magnetic properties 
have been well studied, and it has also been extended to homologous oligomers,
17, 18
 such as 
Yang’s biradical which is composed of galvinoxyl residues and a stable triplet biradical.
19
  
 
O O
O
H
O O
Yang's biradical Galvinoxyl radical 
 
 In this study, we combine a triphenylmethyl radical and a galvinoxyl radical based on 
the molecular design such that a triphenylmethyl radical is substituted at the para-positions 
with galvinoxyl radicals both to sterically protect the triphenylmethyl radical and to delocalize 
the spins over the pi-conjugated molecule.20,21 The triphenylmethyl radical combined with a 
galvinoxyl radical is expected to became a new stable high-spin molecule. The second aspect 
of the molecular design is a branched coupling pathway among the radical spins to give a 
strong spin-exchange interaction in the pi-conjugated system. A dendritic extension is applied 
in this study to synthesize a well and regularly branched pi-conjugated structure by satisfying 
a formal requirement for high-spin ground state, i.e., non-Kekulé and nondisjoint connectivity. 
A higher molecular weight extension may be attained using the same iterative synthetic 
procedure.
22, 23
 The dendritic extension is also expected to produce a high solvent-solubility of 
the polyradical and a chemical stability resulting from the terminal galvinoxyl groups. 
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 In this chapter, we report the synthesis of 
bis(4-tert-butylphenyl)-(4-hydrogalvinoxylphenyl)methoxymethane 1ad, which is a simple 
model of the triphenylmethane combined with a hydrogalvinoxyl group at the para-position, 
and the dendritic extensions, tris(4-hydrogalvinoxylphenyl)methoxymethane 2ad and 
tris[4-{bis(4-hydrogalvinoxylphenyl)methoxymethyl}phenyl]methoxy methane 3ad. These 
compounds, 1ad, 2ad, and 3ad, were reduced to the corresponding tetraanion, decaanion, and 
docosaanion, respectively, and oxidized to the corresponding radicals, 1cf, 2cf, and 3cf, 
respectively. The preparation of these radicals and their magnetic properties were also 
discussed. 
 
Na/K
1ad
2ad
3ad
or
1af
2af
3af docosaanion
tetraanion
decaanion
I2
1cf
2cf
3cf 
 
X
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Scheme 2.1 
 
2.2 Synthesis of dendritic triphenylmethanes terminated with hydrogalvinoxyls  
 
 p-Bromo-tert-butylbenzene was lithiated with n-butyllithium, and coupled with 
methyl p-bromobenzoate to yield a triphenylmethane structure.
24, 25
 The residual bromo group 
was converted to the ester group by the following formylation, oxidation, and esterification, 
and the 4-bromo-2,6-di-tert-butylphenols were inserted to the ester of 5 to form a galvinoxyl 
skeleton of 1ad. 2ad was similarly prepared by forming a triphenylmethane structure, 
esterification, and formation of three terminal galvinoxyl groups. The dendritic 
triphenylmethane structure of 3ad was formed by the following convergent method. Methyl 
p-bromobenzoate was coupled with the p-bromobenzaldehyde protected with cyclic acetal, to 
yield the bromo triphenylmethane derivative 8. Three bromo triphenylmethane derivatives 8 
were coupled with dimethylcarbonate to give the dendritic triphenylmethane, and its six 
terminal groups were converted to the hydrogalvinoxyl groups. The total yield of 3ad reached 
19 %.  
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Scheme 2.2 
 
 NMR and other spectroscopies supported the structures of 1ad, 2ad, and 3ad. For 
example, the coupling between the two protons of the quinone structure was attributed to the 
hydrogalvinoxyl group(s) (see Experimental Section). The tert-butyl groups of the quinone 
groups of 2ad and 3ad were well resolved into two signals ascribed to the tert-butyl group 
Dendritic Triphenylmethanes Terminated with Galvinoxyl Radicals 
 45 
near the hydroxylphenyl group and to the tert-butyl group far from the hydroxylphenyl group. 
The UV/vis spectra of 1ad, 2ad, and 3ad showed a strong absorption (λmax = ca. 410 nm) 
ascribed to the quinone structure. The mass spectrum of 3ad revealed a single peak, which is 
characteristic of a dendrimer with a regular structure. 
 
2.3 Preparation of triphenylmethane radicals terminated with galvinoxyl radicals 
 
 The galvinoxyl terminal groups of 1ad, 2ad, and 3ad were electrochemically 
analyzed. Cyclic voltammetry of 1ae, 2ad, and 3ae in the basic dichloromethane solution 
showed one reversible redox wave at 0.2 V (Fig. 2.1), indicating the redox reaction between 
the galvinoxylate anions and the galvinoxyl radicals and the chemical stability of the 
galvinoxyl radicals in solution at room temperature. The galvinoxylate anions, 2ae and 3ae, 
were oxidized using rotating disk voltammety. The electron transfer number per molecule in 
the oxidation was estimated from the Levich plots
26
: The numbers of 3 and 6, for 2ae and 3ae, 
respectively, clearly indicated the equivalent oxidation of all galvinoxylate anions of 2ae and 
3ae. 
 
 
 The galvinoxyl radicals, 1af, 2af, and 3af, were prepared by heterogeneously treating 
the toluene solutions of 1ad, 2ad, and 3ad with an aqueous alkaline ferricyanide solution.
27
 
The organic layer turned from blue to dark brown during the oxidation, and the galvinoxyls 
were isolated as brownish powders, of which the half-life was estimated by the ESR signal 
intensity to be longer than 1 month at room temperature in air. The radical content was 
measured by NMR spectroscopy. The methoxy groups non-conjugated but coupled with the 
galvinoxyl radicals gave a broad and high-field shifted peak.
18
 The radical content based on 
the integral ratio of the methoxy groups in the hydrogalvinoxyl and in the galvinoxyl radical 
derivative was almost 100% for 1af, 2af, and 3af. The UV/vis spectra of 1af, 2af, and 3af 
Figure 2.1. Cyclic voltammograms (a) and (b) for 1ae and 3ae, 
respectively, and the Levich plots (c) for 1ae (○) and 3ae (□) in 
CH2Cl2 with 0.1 M (C4H9)NBF4 and (C4H9)NOH (scanning rate 
= 50 mV). 
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gave absorption peaks at 477−485 nm ascribed to the galvinoxyl radicals. The ESR spectrum 
for 1af showed a 5-line hyperfine structure at g = 2.0041 attributed to the galvinoxyl radical, 
while it gave a complicated hyperfine structure and a broadened signal due to the 
intramolecular spin-exchange with the neighboring radicals for 2af and 3af, respectively. 
 
OMe
OXO
Y
OHHO
Y
OO
Na/K
CH3OD
or
CH3OH
1ad: X = H
12: Y = D or H
1af : X =
11
 
Scheme 2.3 
 
 1ad was reduced with a Na/K alloy to the tetraanion 11 for preparation of the 
biradical precursor
28
: The hydrogalvinoxyl group was reduced to the galvinoxylate anion, and 
the galvinoxyl skeleton was converted to a diphenyl carbanion. The methoxy group 
substituted to the central carbon of triphenylmethane was also eliminated with the Na/K alloy 
to form a carbanion. During the reduction, the reaction mixture immediately turned from 
yellow to blue, then to red after 23 h at 195 K. The resultant anion was quenched to 12 with 
CH3OD to confirm formation of the tetraanion 11. 11 was also quenched to 12 with CH3OH 
as the control sample. The Ph3C-R region of the quenched sample 12 was studied by NMR 
spectroscopy. The carbanion on the bis(phenoxyl)phenylmethane moiety was partially 
hydrated with the phenolic proton (Fig. 2.2 top and middle). On the other hand, the galvinoxyl 
radical 1af was similarly reduced using the Na/K alloy in THF to the tetraanion 11 with a 
color change of the solution from brown to blue, then to deep red after 10 h. This tetraanion 
11 was quenched to the totally deutrated triphenylmethane with CH3OD (Fig. 2.2 bottom). 
These results indicated that the reduction of the galvinoxyl radical 1af with the Na/K alloy 
was desirable for the equivalent tetraanion 11 generation.  
 
 
 
 
Figure 2.2. NMR spectra (the Ph3C-Y region) for the quenched 
compounds 12. Top: The hydrogalvinoxyl 1ad was reduced and 
quenched with CH3OH. Middle: The hydrogalvinoxyl 1ad was 
reduced and quenched with CH3OD. Below: The galvinoxyl radical 
1af was reduced and quenched with CH3OD. 
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 The stable decaanion and docosaanion were also prepared from the corresponding 
galvinoxyl radical 2af and 3af with the Na/K alloy in THF, respectively. The decaanion and 
docosaanion converted from 2af and 3af were quenched with CH3OD to the deuterated 
triphenylmethane, thus supporting the equivalent anion formation. 
 
2.4 Magnetic properties of triphenylmethane radicals terminated with Ggalvinoxyl 
radicals 
 
 The biradical or the galvinoxyl-combined triphenylmethyl radical 1cf was generated, 
as described below.
29, 30
 The galvinoxyl radical 1af was first generated by oxidation with 
aqueous ferricyanide, and then reduced to the tetraanion 11 with the Na/K alloy in THF-d8 at 
283 K for 24 h. The deeply red colored solution of the tetraanion 11 was filtered and 
transferred to an ESR tube. The addition of the THF solution of 4 equimolar amount of iodine 
at 170 K yielded 1cf along with a solution color change from blue to green, then to purple.  
The ESR spectrum of 1cf at 140 K showed a structured signal at g = 2.0043 (Fig. 2.3).  The 
zero-field parameters (|D/hc| ≈ 0.007 cm
-1
 and |E/hc| ≈ 0 cm
-1
) are relatively large compared 
to the values for similar Yang’s biradical (|D/hc| = 0.0033 cm
-1
 and |E/hc| = 0.00022 cm
-1
);
31
 
this may suggest a spin-delocalization of the galvinoxyl radical into the triphenylmethane 
moiety.
32
  A ∆MS = ±2 forbidden transition was clearly observed for the biradical 1cf at the 
half-field (Inset of Fig. 2.3), which indicated the triplet state for 1cf.
33 
 
 
Figure 2.3. ESR spectrum of the biradical 1cf in THF-d8 at 140 K. 
 
 An attempt was made to generate the tetraradical 2cf and the octaradical 3cf by 
similar treatment of 2af and 3af with the Na/K alloy and iodine. However, the ESR spectra 
showed no zero-field splitting and no ∆MS = ±2 forbidden transition absorption. The fatal 
spin defect could not be avoided in the tetra- and octa-radical formations. For the preparation 
2cf and 3cf, a new procedure for the radical generation is crucial. 
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2.5 Experimental section 
 
   (4-Bromophenyl)-bis(4-tert-butylphenyl)methanol. A 1.6 M hexane solution (52.0 ml) 
of n-butyllithium (81.2 mmol) was slowly added to a 410 ml THF solution of 
p-bromo-tert-butylbenzene (17.4 g, 81.8 mmol) at –78˚C under N2. The solution was warmed 
to 0˚C and stirred for 30 min. The solution was cooled to –78˚C again, and methyl 
p-bromobenzoate (8.00 g, 2.23 mmol) was added dropwise. The resulting mixture was stirred 
for 20 h at –78˚C, and quenched with aqueous ammonium chloride solution. The resulting 
mixture was extracted with ether, and the organic layer was dried over magnesium sulfate. 
After removal of the solvent, the recrystallization from hexane gave 
(4-bromophenyl)-bis(4-tert-butylphenyl)methanol (8.91 g, Yield 53 %) as a white crystal 
(mp 181.0−181.4˚C): 
1
H-NMR (CDCl3, 500 MHz) δ = 7.42 (d, J = 8.6 Hz, 4H, aryl), 7.32 (d, 
J = 8.6 Hz, 2H, aryl), 7.20 (d, J = 8.6 Hz, 4H, aryl), 7.15 (d, J = 8.6 Hz, 2H, aryl), 2.70 (s, 1H, 
OH), 1.31 (s, 18H, t-Bu); 
13
C-NMR (CDCl3, 500 MHz)!δ = 150.29, 146.19, 143.53, 130.82, 
129.64, 127.45, 124.85, 121.11, 81.36, 34.47, 31,35; (KBr pellet): 3582 (νO-H), 2961 cm
-1
 
(νAr C-H); Mass: calcd for M 451.44, found (m/z) 451 (M
+
).  
   (4-Bromophenyl)-bis(4-tert-butylphenyl)methoxymethane (4). A 30 ml THF solution 
of (4-bromophenyl)-bis(4-tert-butylphenyl)methanol (4.0 g, 8.86
 
mmol) was slowly added to 
the 300 ml THF suspension of sodium hydride (1.10 g, 44.3 mmol) and stirred at 0˚C for 1h. 
Iodomethane (8.80 ml, 142 mmol) was added, and the reaction mixture was allowed to warm 
to room temperature and stirred overnight. The mixture was quenched with water. The 
resulting mixture was extracted with ether, and the organic layer was dried over magnesium 
sulfate. After removal of the solvent, the recrystallization from methanol gave 
(4-bromophenyl)-bis(4-tert-butylphenyl)methoxymethane 4 (3.75 g, Yield 91 %) as a white 
crystal (mp 171.3−172.6˚C): 
1
H-NMR (500 MHz, CDCl3) δ = 7.40 (d, J = 8.9 Hz, 2H, aryl), 
7.34 (d, J = 8.9 Hz, 2H, aryl), 7.30-7.29 (m, 8H, aryl), 3.03 (s, 3H, methoxy), 1.30 (s, 18H, 
t-Bu); 
13
C-NMR (500 MHz, CDCl3) δ = 149.85, 144.44, 140.06, 130.73, 130.15, 128.45, 
124.68, 120.64, 86.39, 52.02, 34.41, 31.35; IR (KBr pellet): 2957 (νAr C-H), 1267 cm
-1
 
(νC-O-C); Mass: calcd for M 465.47, found (m/z) 465 (M
+
).  
   Bis(4-tert-butylphenyl)-(4-formylphenyl)methoxymethane. A 1.6 M hexane solution 
(4.00 ml) of n-butyllithium (6.45 mmol) was slowly added to a 65 ml THF solution of 
(4-bromophenyl)-bis(4-tert-butylphenyl)methoxymethane 4 (3.00 g, 6.45 mmol) at –78˚C 
under N2. The solution was warmed to 0˚C and stirred for 30 min. Dimethylformamide (1.5 
ml, 9.68 mmol) was added slowly, and the reaction mixture was stirred for 20 h at room 
temperature. The mixture was quenched with aqueous ammonium chloride solution. The 
resulting mixture was extracted with ether, and the organic layer was dried over magnesium 
sulfate. After removal of the solvent, the purification by chromatography with a silica gel 
column and a chloroform eluent gave 
bis(4-tert-butylphenyl)-(4-formylphenyl)methoxymethane (2.20 g, Yield 35 %) as a white 
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powder: 
1
H-NMR (CDCl3, 500 MHz) δ = 9.97 (s, 1H, formyl), 7.80 (d, J = 8.2 Hz, 2H, aryl), 
7.68 (d, J = 8.2 Hz, 2H, aryl), 7.33-7.29 (m, 8H, aryl), 3.05 (s, 3H, methoxy), 1.31 (s, 18H, 
t-Bu); 
13
C-NMR (CDCl3, 500 MHz)!δ = 192.01, 152.79, 150.16, 139.38, 134.71, 129.25, 
128.76, 128.39, 86.70, 52.079, 34.46, 31,35; (KBr pellet): 2962 (νAr C-H), 1728 cm
-1
 (νC=O); 
Mass: calcd for M 476.18, found (m/z) 476 (M
+
). 
   Bis(4-tert-butylphenyl)-(4-methoxycarbonylphenyl)methoxymethane (5). 
Amidosulfuric acid (500 mg, 4.82 mmol) and sodium chlorite (400 mg, 4.82 mmol) were 
added to a 16 ml acetone and 10 ml chloroform solution of 
bis(4-tert-butylphenyl)-(4-formylphenyl)methoxymethane (200 mg, 0.48 mmol). The 
reaction mixture was stirred at room temperature for 18 h. 5 ml of 2 N HCl was added and 
the resulting mixture was stirred for 1 h. After removal of the solvent, the crude product was 
filtrated and washed with water to give tris(4-carboxyphenyl)methoxymethane as a white 
powder. The powder was dissolved in the 500 ml methanol containing sulfuric acid (50ml). 
The mixture was stirred and refluxed for 12 h, and neutralize with sodium carbonate. The 
resulting mixture was extracted with chloroform, and the organic layer was dried over 
magnesium sulfate. After removal of the solvent, the purification by chromatography with a 
silica gel column and a chloroform eluent gave 
bis(4-tert-butylphenyl)-(4-methoxycarbonylphenyl)methoxymethane 5 as a white powder 
(100 mg, Yield 47 %); 
1
H-NMR (500 MHz, CDCl3) δ = 7.95 (d, J = 8.9 Hz, 2H, aryl), 7.57 (d, 
J = 8.9 Hz, 2H, aryl), 7.33-7.25 (m, 8H, aryl), 3.87 (s, 3H, methylester), 3.04 (s, 3H, 
methoxy), 1.31 (s, 18H, t-Bu); 
13
C NMR (500 MHz, CDCl3) δ = 167.00, 150.71, 149.97, 
139.76, 129.03, 128.69, 128.33, 128.07, 124.67, 86.65, 52.04, 34.42, 31.31; IR (KBr pellet): 
2960 (νAr C-H), 1724 cm
-1
 (νC=O); Mass: calcd for M 444.61, found (m/z) 444 (M
+
). 
   Bis(4-tert-butylphenyl)-(4-hydrogalvinoxylphenyl)methoxymethane (1ad). A 1.6 M 
hexane solution (1.2 ml) of n-butyllithium (2.00 mmol) was slowly added to a 25 ml THF 
solution of (4-bromo-2,6-di-tert-butylphenoxy)trimethylsilane (5.00 g, 14.0 mmol) at –78˚C 
under N2. The solution was warmed to 0˚C and stirred for 30 min. The solution was cooled to 
–78˚C again, and a 5 ml THF solution of tris(4-methoxycarbonylphenyl)methoxymethane 5 
(100 mg, 0.23 mmol) was added slowly. The resulting mixture was stirred for 20 h at –78˚C, 
and quenched with aqueous ammonium chloride solution. The resulting mixture was 
extracted with ether, and the organic layer was dried over magnesium sulfate. Evaporation 
gave a red oil. 5 ml of 10 N HCl was added to a 50 ml methanol and 50 ml THF solution of 
the red oil, and the mixture was stirred at room temperature for 1 h. The resulting mixture 
was extracted with chloroform, and the organic layer was dried over magnesium sulfate. 
After removal of the solvent, the purification by chromatography with a silica gel column and 
a hexane/ethyl acetate = 10/1 eluent gave 
bis(4-tert-butylphenyl)-(4-hydrogalvinoxylphenyl)methoxymethane 1ad as a red powder (96 
mg, Yield 53 %); 
1
H-NMR (THF-d8, 500 MHz) δ = 7.49 (d, J = 8.5 Hz, 2 H, aryl), 7.36-7.31 
(m, 8 H, aryl), 7.26 (d, J = 2.5 Hz, 1H, quinone), 7.18 (d, J = 8.5 Hz, 2 H, aryl), 7.08 (d, J = 
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2.5 Hz, 1H, quinone), 7.01 (s, 2H, phenoxyl), 5.48 (s, 1H, phenol), 3.12 (s, 3H, methoxy), 
1.39 (s, 18H, t-Bu), 1.32 (s, 18H, t-Bu), 1.29 (s, 9H, t-Bu), 1.22 (s, 9H, t-Bu); 
13
C-NMR 
(CDCl3, 500 MHz)!δ = 186.1, 158.0, 155.4, 149.8, 146.7, 146.4, 146.1, 140.2, 139.7, 135.2, 
132.7, 132.4, 131.8, 131.5, 130.0, 128.6, 128.5, 127.9, 124.6, 86.8, 52.1, 35.3, 35.2, 34.4, 
34.3, 31.3, 30.3, 29.7, 29.4; IR (KBr pellet): 3585 (νO-H), 2957 (νAr C-H), 1602 (νC=O), 1245 
cm
-1
 (νC-O-C); Mass: calcd for M 807.2, found (m/z) 807.6 (M
+
). 
   Tris[4-(1,3-dioxolan-2-yl)phenyl]methanol. A 1.6 M hexane solution (26.0 ml) of 
n-butyllithium (41.1 mmol) was slowly added to a 450 ml THF solution of 
2-(4-bromophenyl)-1,3-dioxolane (10.0 g, 43.9 mmol) at –78˚C under N2. The solution was 
warmed to 0˚C and stirred for 1 h. The solution was cooled to –78˚C again, and dimethyl 
carbonate (1.28 g, 13.3 mmol) was added dropwise. The resulting mixture was stirred for 20 
h at –78˚C, and quenched with aqueous ammonium chloride solution. The resulting mixture 
was extracted with ether, and the organic layer was dried over magnesium sulfate. After 
removal of the solvent, the purification by chromatography with a silica gel column and a 
chloroform/hexane/methanol = 20/10/1 eluent and the recrystallization from hexane gave 
tris[4-(1,3-dioxolane-2-yl)phenyl]methanol (2.20 g, Yield 35 %) as a colorless crystal (mp 
187.2−188.7 ˚C): 
1
H-NMR (CDCl3, 500 MHz) δ = 7.40 (d, J = 8.0 Hz, 6 H, aryl), 7.28 (d, J = 
8.0 Hz, 6 H, aryl), 5.78 (s, 3H, dioxolane), 4.16-4.02 (m, 12H, dioxolane), 2.95 (s, 1H, OH); 
13
C-NMR (CDCl3, 500 MHz)!δ = 147.54, 136.90, 127.96, 126.07, 103.34, 81.58, 65.30; IR 
(KBr pellet): 3392 (νO-H), 2888 cm
-1
 (νAr C-H); Mass: calcd for M 476.52, found (m/z) 476 
(M
+
).  
   Tris[4-(1,3-dioxolan-2-yl)phenyl]methoxymethane (6). A 30 ml THF solution of 
tris(4-(1,3-dioxolane-2-yl-phenyl)methanol (800 mg, 1.68
 
mmol) was slowly added to a 140 
ml THF suspension of sodium hydride (336 mg, 8.40 mmol) and stirred at 0˚C for 1h. 
Iodomethane (1.68 ml, 26.9 mmol) was added slowly, and the reaction mixture was allowed 
to warm to room temperature and stirred overnight. The mixture was quenched with water. 
The resulting mixture was extracted with ether, and the organic layer was dried over 
magnesium sulfate. After removal of solvent, the recrystallized with hexane gave 
tris[4-(1,3-dioxolane-2-yl)phenyl)methoxymethane 6 (608 mg, Yield 74 %) as a colorless 
crystal: 
1
H-NMR (500 MHz, CDCl3) δ = 7.44 (d, J = 6.6 Hz, 6 H, aryl), 7.40 (d, J = 6.6 Hz, 6 
H, aryl), 5.78 (s, 3H, dioxolane), 4.15-4.02 (m, 12H, dioxolane), 3.03 (s, 3H, methoxy); 
13
C-NMR (500 MHz, CDCl3) δ = 144.71, 136.56, 128.78, 125.93, 103.50, 86.72, 65.32, 
52.09; IR (KBr pellet): 2831 (νAr C-H), 1210 cm
-1
 (νC-O-C); Mass: calcd for M 490.54, found 
(m/z) 491 (M
+
).  
   Tris(4-formylphenyl)methoxymethane. p-Toluenesulfonic acid monohydrate (0.30 g, 
1.58 mmol) and water (2.5ml) were added to a 70 ml acetone solution of  
tris(4-(1,3-dioxolane-2-yl-phenyl)methoxymethane 6 (1.00 g, 2.10 mmol), and the mixture 
was refluxed for 3h. The resulting mixture was extracted with chloroform, and the organic 
layer was dried over magnesium sulfate. After removal of the solvent, the purification by 
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chromatography with a silica gel column and a chloroform eluent  gave 
tris(4-formylphenyl)methoxymethane as a colorless oil (0.67 g, Yield 90 %);  1H-NMR 
(500 MHz, CDCl3) δ = 9.95 (s, 3H, formyl), 7.82 (d, J = 8.6 Hz, 6 H, aryl), 7.58 (d, J = 8.6 
Hz, 6 H, aryl), 3.06 (s, 3H, methoxy); 
13
C-NMR (500 MHz, CDCl3) δ = 191.55, 148.91, 
135.66, 129.61, 129.17, 86.89, 52.53; IR (KBr pellet): 2888 (νAr C-H), 1702 cm
-1
 (νC=O); 
Mass: calcd for M 358.39, found (m/z) 358 (M
+
). 
   Tris(4-methoxycarbonylphenyl)methoxymethane (7). Amidosulfuric acid (6.50 g, 67.1 
mmol) and sodium chlorite (6.00 g, 67.0 mmol) were added to a 220 ml acetone and 130 ml 
chloroform solution of tris(4-formylphenyl)methoxymethane (0.80 g, 2.23 mmol). The 
reaction mixture was stirred at room temperature for 18 h. 50 ml of 2 N HCl was added and 
the resulting mixture was stirred for 1 h. After removal of the solvent, the crude product was 
filtrated and washed with water to give tris(4-carboxyphenyl)methoxymethane as a white 
powder. The powder was dissolved in the 500 ml methanol containing sulfuric acid (50 ml) 
were dissolved in 500 ml methanol. The mixture was stirred and refluxed for 12 h, and 
neutralized with sodium carbonate. The resulting mixture was extracted with chloroform, and 
the organic layer was dried over magnesium sulfate. After removal of the solvent, the 
purification by chromatography with a silica gel column and a hexane/ethyl acetate = 2/1 
eluent gave tris(4-methoxycarbonylphenyl)methoxymethane 7 as an oil (558 mg, Yield 
56 %); 
1
H-NMR (500 MHz, CDCl3) δ = 7.99 (d, J = 8.6 Hz, 6 H, aryl), 7.49 (d, J = 8.6 Hz, 6 
H, aryl), 3.91 (s, 9H, methylester), 3.08 (s, 3H, methoxy); 
13
C NMR (500 MHz, CDCl3) δ = 
140.85, 136.52, 129.21, 123.58, 102.21, 95.18, 65.45; IR (KBr pellet): 2951 (νAr C-H), 1724 
cm
-1
 (νC=O); Mass: calcd for M 448.46, found (m/z) 448 (M
+
). 
   Tris(4-hydrogalvinoxylphenyl)methoxymethane (2ad). A 1.6 M hexane solution (7.0 
ml) of n-butyllithium (12.0 mmol) was slowly added to a 140 ml THF solution of 
(4-bromo-2,6-di-tert-butylphenoxy)trimethylsilane (5.00 g, 14.0 mmol) at –78˚C under N2. 
The solution was warmed to 0˚C and stirred for 1 h. The solution was cooled to –78˚C again, 
and a 10 ml THF solution of tris(4-methoxycarbonylphenyl)methoxymethane (100 mg, 0.223 
mmol) was added slowly. The resulting mixture was stirred for 20 h at –78˚C, and quenched 
with aqueous ammonium chloride solution. The resulting mixture was extracted with ether, 
and the organic layer was dried over magnesium sulfate. Evaporation gave a red oil. 10 ml of 
10 N HCl was added to a 50 ml methanol and 100 ml THF solution of the red oil. The 
mixture was stirred at room temperature for 1 h. The resulting mixture was extracted with 
chloroform, and the organic layer was dried over magnesium sulfate. After removal of the 
solvent, the purification by chromatography with a silica gel column and a hexane/ethyl 
acetate = 4/1 eluent gave tris(4-mhydrogalvinoxyphenyl)methoxymethane 2ad as a red 
powder (334 mg, Yield 97 %); 
1
H-NMR (THF-d8, 500 MHz) δ = 7.59 (d, J = 8.5 Hz, 6H, 
aryl), 7.35 (d, J = 2.1 Hz, 3H, quinone), 7.29 (d, J = 8.5 Hz, 6H, aryl), 7.15 (d, J = 2.1 Hz, 3H, 
quinone), 6.73 (s, 6H, phenoxyl), 5.50 (s, 3H, phenol), 3.20 (s, 3H, methoxy), 1.40 (s, 54H, 
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t-Bu), 1.29 (s, 27H, t-Bu), 1.21 (s, 27H, t-Bu); 
13
C-NMR (THF-d8, 500 MHz) Qδ = 186.1, 
157.2, 155.5, 147.0, 146.6, 144.1, 140.5, 135.3, 132.4, 131.8, 131.7, 129.9, 128.9, 128.0, 86.9, 
52.3, 35.3, 35.2, 34.4, 30.3, 29.7, 29.5; IR (KBr pellet): 3633 (νO-H), 2956 (νAr C-H), 1600 
(νC=O), 1239 cm
-1
 (νC-O-C); Mass: calcd for M 1536, found (m/z) 1537 (M
+
). 
   (4-Bromophenyl)-bis[4-(1,3-dioxolane-2-yl)phenyl]methanol. A 1.59 M hexane 
solution (79.0 ml) of n-butyllithium (0.126 mol) was slowly added to a 480 ml THF solution 
of 2-(4-bromophenyl)-1,3-dioxolane (30.0 g, 0.131 mol) at –78˚C under N2, and the mixture 
was stirred for 30 min. Methyl p-bromobenzoate (12.8 g, 0.595 mol) was added dropwise, 
and the solution was warmed to room temperature. The resulting mixture was stirred for 20 h, 
and quenched with aqueous ammonium chloride solution. The resulting mixture was 
extracted with ether, and the organic layer was dried over magnesium sulfate. After removal 
of the solvent, the purification by chromatography with a silica gel column and a chloroform 
eluent gave (4-bromophenyl)-bis[4-(1,3-dioxolane-2-yl)phenyl]methanol (29.2 g, Yield 
99 %) as a colorless oil: 1H-NMR (CDCl3, 500 MHz) δ = 7.41-7.39 (m, 6H, aryl), 7.25 (d, J 
= 8.2 Hz, 4H, aryl), 7.14 (d, J = 8.8 Hz, 2H, aryl), 5.78 (s, 2H, dioxolane), 4.13-4.00 (m, 8H, 
dioxolane), 2.889 (s, 1H, OH); 
13
C-NMR (CDCl3, 500 MHz)!δ = 147.2, 145.6, 137.1, 131.0, 
129.7, 127.9, 126.2, 121.5, 103.4, 81.4, 65.3; Mass: calcd for M 483.3, found (m/z) 483 (M
+
).  
   (4-Bromophenyl)-bis[4-(1,3-dioxolane-2-yl)phenyl]methoxymethane (8). A 50 ml 
THF solution of (4-bromophenyl)-bis[4-(1,3-dioxolane-2-yl)phenyl]methanol (29.0 g, 60.0
 
mmol) was slowly added to a 450 ml THF suspension of sodium hydride (14.4 g, 0.600 mol) 
and stirred at 0˚C for 3 h. Iodomethane (22.4 ml, 0.359 mmol) was added slowly, and the 
reaction mixture was allowed to warm to room temperature and stirred overnight. The 
mixture was quenched with water. The resulting mixture was extracted with ether, and the 
organic layer was dried over magnesium sulfate. After removal of the solvent, the 
purification by chromatography with a silica gel column and a dichloromethane/methanol = 
30/1 eluent gave (4-bromophenyl)-bis[4-(1,3-dioxolane-2-yl)phenyl]methoxymethane 8 (19.5 
g, Yield 65 %) as a colorless crystal: 
1
H-NMR (500 MHz, CDCl3) δ = 7.41-7.26 (m, 12H, 
aryl), 5.782 (s, 2H, dioxolane) 4.14-4.01 (m, 8H, dioxolane), 3.03 (s, 3H, methoxy); 
13
C-NMR (500 MHz, CDCl3) δ = 144.2, 143.2, 136.8, 130.9, 130.3, 128.7, 126.1, 121.2, 
103.5, 86.5, 65.4, 52.1; Mass: calcd for M 497.4, found (m/z) 497 (M
+
).  
   Tris(4-{bis[4-(1,3-dioxolane-2-yl)phenyl]methoxymethyl}phenyl)methanol. A 1.56 M 
hexane solution (18.0 ml) of n-butyllithium (28.1 mmol) was slowly added to a 180 ml THF 
solution of (4-bromophenyl)-bis[4-(1,3-dioxolane-2-yl)phenyl]methoxymethane 8 (14.2 g, 
28.6 mmol) at –78˚C under N2.  Dimethyl carbonate (780 mg, 8.66 mmol) was added 
dropwise, and the solution was warmed to room temperature. The resulting mixture was 
stirred for 20 h at room temperature, and quenched with aqueous ammonium chloride 
solution. The resulting mixture was extracted with ether, and the organic layer was dried over 
magnesium sulfate. After removal of the solvent, the purification by chromatography with a 
silica gel column and a dichloromethane/methanol = 30/1 eluent gave 
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tris(4-{bis[4-(1,3-dioxolane-2-yl)phenyl]methoxymethyl}phenyl)methanol (9.80 g, Yield 
87 %) as a yellow powder: 1H-NMR (CDCl3, 500 MHz) δ = 7.44 (d, J = 8.5 Hz, 12H, aryl), 
7.40 (d, J = 8.5 Hz, 12H, aryl), 7.32 (d, J = 8.8 Hz, 6H, aryl), 7.13 (d, J = 8.8 Hz, 6H, aryl), 
5.78 (s, 6H, dioxolane), 4.13-4.01 (m, 24H, dioxolane), 3.02 (s, 9H, methoxy), 2.789 (s, 1H, 
OH); 
13
C-NMR (CDCl3, 500 MHz)!δ = 1145.3, 144.8, 142.5, 136.4, 128.8, 128.3, 127.4, 
125.9, 103.5, 86.7, 81.5, 65.3, 52.1; FAB Mass: calcd for M 1281.4, found (m/z) 1281 (M
+
). 
  Tris(4-{bis[4-(1,3-dioxolane-2-yl)phenyl]methoxymethyl}phenyl)methoxymethane (9). 
A 5 ml THF solution of tris(4-{bis[4-(1,3-dioxolane-2-yl)phenyl]methoxymethyl}- 
phenyl)methanol (300 mg, 0.234
 
mmol) was slowly added to 12 ml THF suspension of 
sodium hydride (1.44 g, 60 mmol) and stirred at 0˚C for 3 h. Iodomethane (0.219 ml, 3.52 
mmol) was added slowly, and the reaction mixture was allowed to warm to room temperature 
and stirred overnight. The mixture was quenched with water. The resulting mixture was 
extracted with ether, and the organic layer was dried over magnesium sulfate. After removal 
of the solvent, the purification by chromatography with a silica gel column and a 
dichloromethane/methanol = 30/1 eluent gave 
tris(4-{bis[4-(1,3-dioxolane-2-yl)phenyl]methoxymethyl}phenyl)methoxymethane 9 (297 mg, 
Yield 98 %) as a white powder: 
1
H-NMR (500 MHz, CDCl3) δ = 7.44 (d, J = 8.5 Hz, 12H, 
aryl), 7.40 (d, J = 8.2 Hz, 12H, aryl), 7.301 (d, J = 8.8 Hz, 6H, aryl), 7.27 (d, J = 8.5, Hz, 6H, 
aryl), 5.780 (s, 6H, dioxolane), 4.14-3.99 (m, 24H, dioxolane), 3.01 (s, 9H, methoxy), 3.00 (s, 
3H, methoxy); 
13
C-NMR (500 MHz, CDCl3) δ = 144.8, 142.3, 142.0, 136.4, 128.7, 128.2, 
128.1, 125.9, 103.6, 86.7, 86.6, 65.3, 52.2, 52.1; FAB Mass: calcd for M 1295.5, found (m/z) 
1295 (M
+
). 
     Tris{4-[bis(4-formylphenyl)methoxymethyl]phenyl}methoxymethane. 
p-Toluenesulfonic acid monohydrate (350 mg, 1.84 mmol) and water (6.2 ml) were added to 
a 84 ml acetone solution of  
tris(4-{bis[4-(1,3-dioxolane-2-yl)phenyl]methoxymethyl}phenyl)methoxymethane 9 (900 mg, 
0.695 mmol), and the mixture was refluxed for 48 h. The resulting mixture was extracted 
with chloroform, and the organic layer was dried over magnesium sulfate. After removal of 
the solvent, the purification by chromatography with a silica gel column and a chloroform 
eluent  gave tris{4-[bis(4-formylphenyl)methoxymethyl]phenyl}methoxymethane as a 
colorless oil (595 mg, Yield 83 %);  1H-NMR (500 MHz, CDCl3) δ = 9.99 (s, 6H, formyl), 
7.83 (d, J = 8.3 Hz, 12H, aryl), 7.63 (d, J = 8.3 Hz, 12H, aryl), 7.39 (d, J = 8.5 Hz, 6H, aryl), 
7.31 (d, J = 8.8 Hz, 6H, aryl), 3.053 (s, 9H, methoxy), 3.043 (s, 3H, methoxy); 
13
C-NMR 
(500 MHz, CDCl3) δ = 191.6, 149.9, 142.9, 140.4, 135.3, 129.4, 128.9, 128.6, 128.5, 86.7, 
86.4, 52.3, 52.2; FAB Mass: calcd for M 1031.1, found (m/z) 1031 (M
+
). 
   Tris{4-[bis(4-methoxycarbonylphenyl)methoxymethyl]phenyl}methoxymethane (10). 
Amidosulfuric acid (120 mg, 1.24 mmol) and sodium chlorite (100 mg, 1.11 mmol) were 
added to a 15 ml acetone and 5 ml chloroform solution of 
tris{4-[bis(4-formylphenyl)methoxymethyl]phenyl}methoxymethane (71.0 mg, 6.89 × 10
-2
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mmol). The reaction mixture was stirred at room temperature for 18 h. 7.5 ml of 2 N HCl was 
added and the resulting mixture was stirred for 1 h. After removal of the solvent, the crude 
product was filtrated and washed with water to give 
tris{4-[bis(4-carboxyphenyl)methoxymethyl]phenyl}methoxymethane as a white powder. 
The powder was dissolved in the 10 ml methanol containing sulfuric acid (1 ml) were 
dissolved. The mixture was stirred at room temperature for 12 h, and neutralized with sodium 
carbonate. The resulting mixture was extracted with chloroform, and the organic layer was 
dried over magnesium sulfate. After removal of the solvent, the purification by 
chromatography with a silica gel column and a hexane/ethyl acetate = 1/1 eluent gave 
tris{4-[bis(4-methoxycarbonylphenyl)methoxymethyl]phenyl}methoxymethane 10 as a white 
powder (68 mg, 5.61 × 10
-2
 mmol, Yield 81 %); 
1
H-NMR (500 MHz, CDCl3) δ = 7.97 (d, J = 
8.2 Hz, 12H, aryl), 7.51 (d, J = 8.3 Hz, 12H, aryl), 7.34 (d, J = 8.8 Hz, 6H, aryl), 7.29 (d, J = 
8.5 Hz, 6H, aryl), 3.89 (s, 18H, methylester), 3.03 (s, 9H, methoxy), 3.018 (s, 3H, methoxy); 
13
C NMR (500 MHz, CDCl3) δ = 166.7, 148.7, 142.8, 140.9, 129.2, 129.0, 128.4, 128.4, 86.7, 
86.5, 52.3, 52.2, 52.1; FAB Mass: calcd for M 1211.3, found (m/z) 1211 (M
+
). 
   Tris[4-{bis(4-hydrogalvinoxylphenyl)methoxymethyl}phenyl]methoxymethane (3ad). 
A 1.56 M hexane solution (4.60 ml) of n-butyllithium (7.18 mmol) was slowly added to a 80 
ml THF solution of (4-bromo-2,6-di-tert-butylphenoxy)trimethylsilane (2.80 g, 0.797 mmol) 
at –78˚C under N2. A 1 ml THF solution of 
tris{4-[bis(4-methoxycarbonylphenyl)methoxymethyl]phenyl}methoxymethane 10 (64 mg, 
5.28 × 10
-2
 mmol) was added slowly, and the solution was allowed to warm to room 
temperature. The mixture was stirred for 20 h at –78˚C, and quenched with aqueous 
ammonium chloride solution. The resulting mixture was extracted with ether, and the organic 
layer was dried over magnesium sulfate. Evaporation gave a yellow powder. The powder was 
dissolved to the mixture of 3 ml methanol and 4 ml THF, and 0.5 ml of 10 N HCl was added. 
The mixture was stirred at room temperature for 5 min. The resulting mixture was extracted 
with chloroform, and the organic layer was dried over magnesium sulfate. After removal of 
the solvent, the purification by chromatography with a silica gel column and a hexane/ethyl 
acetate = 4/1 eluent gave 
tris[4-{bis(4-hydrogalvinoxylphenyl)methoxymethyl}phenyl]methoxymethane 3ad as a 
yellow powder (95 mg, 2.28 × 10
-2
 mmol, Yield 53 %); 
1
H-NMR (THF-d8, 500 MHz) δ = 
7.56 (d, J = 8.5 Hz, 12H, aryl), 7.47 (d, J = 8.8 Hz, 6H, aryl), 7.44 (d, J = 8.8 Hz, 6H, aryl), 
7.34 (d, J = 2.4 Hz, 6H, quinone), 7.25 (d, J = 8.2 Hz, 12H, aryl), 7.11 (d, J = 2.4 Hz, 6H, 
quinone), 7.09 (s, 12H, phenoxyl), 6.70 (s, 6H, phenol), 3.13 (s, 9H, methoxy), 2.98 (s, 3H, 
methoxy), 1.38 (s, 108H, t-Bu), 1.28 (s, 54H, t-Bu), 1.18 (s, 54H, t-Bu); 
13
C-NMR (THF-d8, 
500MHz) δ = 186.1, 158.2, 156.9, 147.5, 147.0, 145.8, 143.8, 143.1, 141.6, 137.5, 133.1, 
132.9, 132.4, 130.6, 129.5, 129.3, 129.1, 129.0, 87.7, 87.4, 52.5, 52.4, 36.0, 35.9, 35.3, 30.6, 
30.5, 30.1; MALDI-TOF Mass: calcd for M 3386.8, found (m/z) 3388 (M
+
). 
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  Other materials. All solvents were purified by distillation just before the usage. 
Tetrabutylammonium tetrafluoroborate and potassium ferricyanide were purified by 
recrystallization. All other reagents were used as received. 
 
   Preparation of the galvinoxyl radicals.  Aqueous solutions of excess sodium hydroxide 
and of potassium ferricyanide were successively added to a 2.5 mM toluene solution of the 
hydroxyl precursor, 1ad, 2ad, and 3ad, and the mixture was vigorously stirred at room 
temperature. Color of the organic layer changed from blue to deep brown. After stirring for 30 
min, the organic layer was extracted with toluene. The extract was washed with water, dried 
over anhydrous sodium sulfate, and evaporated to give brownish powder of the galvinoxyl 
radical, 1af, 2af, and 3af.  
   Anionization.  5 mg of galvinoxyl radical, 1af, 2af, or 3af, or of the hydrogalvinoxyl 
1ad was placed in a Schlenk tube equipped with a high-vacuum PTFE stopcock, and then 
dried under vacuum for 1 day. THF (0.3 ml) was vacuum transferred to the Schlenk tube, and 
a drop of Na/K alloy was added under an Ar gas flow. After the reaction mixture was stirred 
for 24 h at room temperature, the anion was quenched by addition of excess methanol or 
CH3OD (99.5 %). The resulting mixture was extracted with ether, and the extract was washed 
with water, dried, and evaporated. The resultant deutrated or hydrated triphenylmethanes were 
examined by 
1
H-NMR spectroscopy. 
   Anionized and hydrated bis(4-tert-butylphenyl)-(4-hydrogalvinoxylphenyl)- 
methoxymethane (1ad). 
1
H-NMR (500 MHz, CDCl3) 7.25 (d, J = 6.4 Hz, 4H, aryl), 7.02 (d, 
J = 8.9 Hz, 4H, aryl), 7.01 (s, 4H, aryl), 6.91 (s, 4H, phenol aryl), 5.43 (s, 1H, Ph3C-H), 5.28 
(s, 1H, Ph3C-H), 5.01 (s, 2H, phenol), 1.36 (s, 36H, t-Bu), 1.29 (s, 18H, t-Bu); IR (KBr 
pellet): 3645 (νO-H), 2957 (νAr C-H), 1434 cm
-1
 (δC-H); FAB-Mass: calcd for M 778.5, found 
(m/z) 778.6 (M
+
). 
  Anionized and deuterated bis(4-tert-butylphenyl)-(4-hydrogalvinoxylphenyl)- 
methoxymethane (1ad). 
1
H-NMR (500MHz, CDCl3) 7.26 (d, J = 8.2Hz, 4H, aryl), 7.02 (d, J 
= 9.4 Hz, 4H, aryl), 7.01 (s, 4H, aryl), 6.90 (s, 4H, phenol aryl), 5.28 (s, 0.9H, Ph3C-H), 5.02 
(s, 2H, phenol), 1.36 (s, 36H, t-Bu), 1.29 (s, 18H, t-Bu); IR (KBr pellet): 3643 (νO-H), 2957 
(νAr C-H), 1434 cm
-1
 (δC-H). 
   Anionized and deuterated bis(4-tert-butylphenyl)-(4-galvinoxylphenyl)- 
methoxymethane (1af). 
1
H-NMR (500 MHz, CDCl3) 7.26(d, J = 8.4 Hz, 4H, aryl), 7.02(d, J 
= 8.7 Hz, 4H, aryl), 7.01(s, 4H, aryl), 6.91(s, 4H, phenol aryl), 5.44(s, 0.03H, Ph3C-H), 5.29(s, 
0.07H, Ph3C-H), 5.01(s, 2H, phenol), 1.36(s, 36H, t-Bu), 1.29(s, 18H, t-Bu). 
   Anionized and hydrated tris(4-hydrogalvinoxylphenyl)methoxymethane (2ad). 
1
H-NMR (500 MHz, CDCl3) 6.96(d, 6H, aryl), 6.91(d, 6H, aryl), 6.89(s, 12H, phenol aryl), 
5.47(s, 1H, Ph3C-H), 5.27(s, 3H, Ph3C-H), 5.01(s, 6H, phenol), 1.34(s, 108H, t-Bu); IR (KBr 
pellet): 3648 (νO-H), 2956 (νAr C-H), 1437 cm
-1
 (δC-H); 
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   Anionized and deuterated tris(4-galvinoxylphenyl)methoxymethane (2af).  
1
H-NMR 
(500 MHz, CDCl3) 6.96 (d, 6H, aryl), 6.91 (d, 6H, aryl), 6.89 (s, 12H, phenol aryl), 5.27 (s, 
0.3H, Ph3C-H), 5.01 (s, 6H, phenol), 1.34 (s, 108H, t-Bu); IR (KBr pellet): 3642 (νO-H), 2919 
(νAr C-H), 1264 cm
-1
 (δC-D); FAB-Mass: calcd for M 1515.1, found (m/z) 1515.2 (M
+
).  
  Anionized and hydrated tris[4-{bis(4-hydrogalvinoxylphenyl)methoxymethyl}phenyl]- 
methoxymethane (3ad).  
1
H-NMR (500 MHz, CDCl3) 6.97 (d, J = 8.5 Hz, 12H, aryl), 6.93 
(d, J = 10 Hz, 12H, aryl), 6.93 (s, 12H, aryl), 6.88 (s, 12H, phenol aryl), 6.87 (s, 12H, phenol 
aryl), 5.42 (s, 3H, Ph3C-H), 5.36 (s, 1H, Ph3C-H), 5.26 (s, 6H, Ph3C-H), 5.01 (s, 6H, phenol), 
5.00 (s, 6H, phenol), 1.34 (s, 108H, t-Bu), 1.33 (s, 108H, t-Bu); IR (KBr pellet): 3644 (νO-H), 
2955 (νAr C-H), 1232 cm
-1
 (δC-D); 
   Anionized and deuterated tris[4-{bis(4-galvinoxylphenyl)methoxymethyl}phenyl]- 
methoxymethane (3af).  
1
H-NMR (500 MHz, CDCl3) 6.96 (d, J = 8.4 Hz, 12H, aryl), 6.93 
(d, J = 6.2 Hz, 12H, aryl), 6.93 (s, 12H, aryl), 6.88 (s, 12H, phenol aryl), 6.87 (s, 12H, phenol 
aryl), 5.26 (s, 1H, Ph3C-H), 5.01 (s, 6H, phenol), 5.00 (s, 6H, phenol), 1.334 (s, 108H, t-Bu), 
1.330 (s, 108H, t-Bu). 
 
   Oxidation.  Bis(4-tert-butylphenyl)-(4-galvinoxylphenyl)methoxymethane 1af (1.20 mg, 
1.49 µmol) was placed in a quartz reaction vessel equipped with two high-vacuum PTFE 
stopcocks.
13
 The vessel was dried overnight under vacuum at 200°C using a heating tape 
except a part containing the galvinoxyl radical 1af. The vessel was transferred to a glovebox, 
and a small drop of Na/K alloy was added. Following attachment of the vessel to a vacuum 
line, Na/K was allowed to come in contact with the galvinoxyl radical, and THF-d8 (0.2−0.3 
ml, 99.95% D) was immediately vacuum-transferred from the vessel of the THF-d8 with 
sodium/benzophenone. After 1 day of stirring at 10°C, the reaction mixture was filtered under 
temperature gradient into the quartz tube. An anhydrous THF (5.44 µmol, 25 µl) solution of 4 
equimolar amount of iodine (purchased from Aldrich ≥ 99.99 %) was added at -103 − -106°C 
under Ar gas flow. The reaction mixture turned form blue to green, then to purple to give the 
biradical 1cf. The tube was stored in a liquid nitrogen prior to the ESR measurement. 
Analogous procedure was used for preparation of samples for SQUID magnetometry.
13
 
 
   Measurements.  Cyclic and rotating disk voltammetry were carried out with a BAS 
100B/W electrochemical analyzer using the dichloromethane solution of 0.1 M 
tetrabutylammonium tetrafluoroborate and 8 equiv of tetrabutylammonium hydroxide (10% 
methanol solution) under an argon atmosphere. A platinum working electrode and a 
commercial Ag/AgCl electrode as the reference were used. The formal potential of the 
ferrocene/ferrocenium couple was 0.43 V vs this reference electrode. ESR spectra were taken 
using a JEOL JES-2XG and Bruker EMX ESR spectrometer. IR, NMR, mass, and UV spectra 
were measured with JASCO FT/IR-410, JEOL NMR 500L or Bruker NMR AVANCE-600, 
Shimadzu GC-MS 17A, and JASCO V-550 spectrometer, respectively. Magnetic 
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measurements were carried out on MPMS5S (QUANTUM DESIGN) SQUID magnetometer. 
All samples for magnetic measurement were handled at low temperature, as described 
elsewhere.
13
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3.1  Introduction 
 
 Due to the possibility of obtaining purely organic-derived magnetic materials, there 
has been current interest in the synthesis of very high-spin polyradical molecules based on a 
ferromagnetic spin alignment through the pi-conjugated skeleton of a molecule.1−5 These 
high-spin molecules are designed to satisfy a pi-conjugated, but non-Kekulé and non-disjoint 
connectivity
6
 among the nonbonding molecular orbitals of the unpaired electrons.
7−18
 Along 
on this molecular designing, they have been extended to cross-linked or network 
pi-conjugation systems.7, 15 Rajca et al. eventually synthesized two-dimensionally 
dendritic-macrocyclic poly(1,3-phenylenephenylmethine)s with a magnetic ordering and a 
huge magnetic moment corresponding to S (spin quantum number) > 5000.
19
 However, the 
triarylmethane radical survives only below 200 K. Chemically stable radical species are 
desired in such a network high-spin polyradical to raise the temperature range of magnetic 
ordering and possibly provide a molecular-based purely organic material. 
 On the other hand, we have recently succeeded in applying magnetic force 
microscopy (MFM) to effectively study the molecular image and the very weak magnetic 
response of an organic radical macromolecule with the molecular size from 10 to 1000 
nanometers.
20, 21
 The MFM images of the magnetic particles showed a magnetic gradient 
response with a fairly high resolution on a 10 nm scale at the position of the radical molecule 
dispersed on a substrate surface at room temperature. The MFM molecular image has been 
examined as a magnetic dot, using the organic radical samples with different molecular 
weights and spin concentrations.
21
 However, the magnetic response upon MFM was also 
ascribed to paramagnetic radical macromolecules,
22
 and there still remain the pending subject 
of a nm-scale study on a high-spin organic molecule at ambient conditions. From such a 
viewpoint, one of the unrealized benchmarks for exploring a single molecular-based and 
purely organic magnetism is to synthesize a practically available high-spin organic molecule 
with a good stability under ambient conditions.  
 While a number of the ground-state high-spin organic radical molecules synthesized 
along the molecular designing of non-Kekulé and non-disjoint fashion are known, as far as we 
know, a very limited number of cases of these radical molecules, such as the 
tri(chlorophenyl)methyl radical synthesized by Veciana et al.
23
 and the triplet Yang’s 
biradical,
24, 25
 display a high-spin magnetic parameters at high temperature such as room 
temperature. The radical species involved in these molecules possess a trade-off relation 
between the sufficient exchange interaction for spin-alignment and the chemical stability. 
Among the list of radical species, the triarylaminium radical is a favorable candidate for the 
spin source to be utilized in robust high-spin purural-radical molecules at room temperature. 
From such a viewpoint, a series of aminium polyradicals have been synthesized and their 
magnetic behaviors have been reported. However, they often lacked solvent solubility that 
lead to both a limitation of radical (spin) generation yield and a lack of chemical structure 
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identification. To the best of our knowledge, no high-spin molecules at room temperature 
have been studied using the aminium radical polymers with a well-defined chemical structure.  
 This chapter describes the first example of room temperature high-spin, purely 
organic molecules possessing a nm-range single molecular size. The high-spin molecule, 
poly[1,2,(4)-phenylenevinyleneanysilaminium] 1, was designed in being hyperbranched along 
a pi-conjugated, but non-Kekulé and non-disjoint fashion. The aminium polyradical l was 
synthesized via the one-pot polycondensation of an asymmetric trifunctional monomer 3 and 
the subsequent careful oxidation. 1 was soluble in common solvents and durable under 
ambient conditions. The single molecular-based high-spin behavior of l was examined by 
NMR and magnetization measurements and magnetic force microscopy at room temperature. 
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3.2 Synthesis of hyperbranched poly[1,2,(4)-phenylenevinyleneanisylamine] 
 
 The hyperbranched and head-to-tail linked poly(phenylenevinylene), 
poly[1,2,(4)-phenylenevinyleneanisylamine] 2, was synthesized via the one-pot 
palladium-catalyzed
26
 polycondensation of an asymmetric trifunctional (the bromo, two kinds 
of vinyl groups) monomer, 
N-(3-bromo-4-vinylphenyl)-N-(4-methoxyphenyl)-N-(4-vinylphenyl)amine 3, which was 
prepared by coupling 4-[N-(4-methoxyphenyl)amino]benzaldehyde and 
2-bromo-4-iodobenzaldehyde and the following Wittig reaction. A GPC profile of the 
polymer (uncapped) 2 was unimodal. Bromine was detected at less than 2 wt% in the 
elemental analysis. Further reaction of the isolated polymer by the Pd catalyst resulted in 
recovery of the starting polymer. These results denied a coupling reaction between the 
oligomers during the polymerization because the surface of the oligomer and polymer is 
occupied by the vinyl groups of the monomer. The hyperbranched and head-to-tail structure 
was characterized by 
l
H- NMR, UV/vis, and fluorescence spectroscopies. For example, the 
NMR integration ratio of two vinyl groups was almost unity indicating a highly branched 
polymer structure. The end vinyl groups of the polymer were capped by reacting with an 
Chapter 3 
 62 
excess of p-bromoanisole to give 2, to avoid all side reactions of the vinyl groups in the 
following radical generation. 
 
Scheme 3.1 
 The UV/vis absorption and fluorescence of the polymer 2 (λmax = 300, 385 nm and 
λem = 505 nm, respectively) were comparable with those for the linear corresponding polymer 
poly{4-[bis(4-methoxyphenyl)amino]-1,2-phenylenevinylene} (λmax = 302, 368 nm and λem = 
528 nm), which suggested a developed pi-conjugation in 2. The molecular weight of 2 was, 
e.g., 5,200 (degree of polymerization (DP) = l2). 2 was a yellow powder and quite soluble in 
the common solvents such as benzene, CHCl3, and THF. The solution viscosity of 2 (DP = l2) 
was one order of magnitude lower (intrinsic solution viscosity [η] = 0.014 g/dl) than that of 
the corresponding linear polymer (DP = 12, [η] = 0.12 g/dl). An extremely low solution 
viscosity is one of the characteristics of hyperbranched polymers,
27, 28
 which is ascribed to the 
highly branched and globular structure. 
 
3.3 Electrochemical and chemical oxidation of hyperbranched  
poly[1,2,(4)-phenylenevinyleneanisylamine] 
 
 The cyclic voltammetry of 2 showed a redox wave with the oxidation peak at 1.0 V 
vs Ag/AgCl and the redox peak separation of 120 mV at a sweep rate of 100 mVs
-l
 (Fig. 3.l): 
The voltammogram was repeatedly recorded for potential sweeps of 100 times at room 
temperature. The electrolytic ESR spectrum was recorded under the potential at 1.2 V. A 
strong absorption appeared at g = 2.0028, indicating a nitrogen-centered radical generation. 
The ESR absorption disappeared under the potential at 0.6 V. These results mean that the 
triarylamine moiety is electrochemically oxidized to the triarylaminium cationic radical and 
reversibly reduced to the starting amine and that the aminium radical is chemically persistent 
even in a solution at room temperature without any subsequent chemical side reactions. The 
differential pulse voltamogram displayed two oxidation peaks at 0.9 and 1.1 V. The cyclic 
voltammetry of 2 at the slow scan rate of 25 mVs
-1
 also showed a new redox wave at ca. 0.9 V 
or a two-stepped quasi-reversible wave. On the other hand, the cyclic voltammogram for 2 
with the lower molecular weight of 1700 (degree of polymerization = 4) (Fig. 3.l (b)) showed 
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a unimodal oxidation wave at 0.9 V. These results suggest that the oxidation of amine moiety 
or the cationic radical generation is sterically retarded inside of the hyperbranched polymer 2 
and that the oxidation potential for the dendritic amine moiety inside the polymer is lower 
(0.9 V) than that (1.1 V) for the terminal amine moiety. 
 
Figure 3.1 Cyclic and differential pulse voltammograms 
of 2 with DP = 12 (a) and DP = 4 (b) in CH2Cl2 with 0.1 
M (C4H9)4NBF4. 
 The CH2Cl2 solution of the hyprebranched polymer 2 was electrochemically oxidized 
under the given potential up to 1.3 V and the UV/vis spectrum was recorded. An absorption 
peak appeared at λmax = 529 nm with an isosbestic point at 447 nm in the range of 0.7−1.0 V 
and a new peak occurred at λmax = 733 nm with an isosbestic point at 565 nm at greater than 
1.0 V. This result indicated that the hyperbranched polymer 2 possesses two amine moieties 
oxidized at each potential, 0.8−1.0 V and 1.1−1.3 V, and these two amine moieties were 
oxidized to two aminium radicals with the visible absorption maximum at 529 and 733 nm. 
       
 
 
Figure 3.2 Electrolytic UV/vis spectrum of the 
CH2Cl2 solution of the hyperbranched polymer 2 
(DP = 13) with 0.1 M (C4H9)4NBF4 under the 
given potential. 
Figure 3.3 Absorption change of the CH2Cl2 
solution of 0.1 mM 2 after mixing with the 
CH2Cl2 solution of 2 mM NOSbF6. 
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 The hyprebranched polymer 2 was oxidized with nitrosonium hexafluoroantimonate 
(NOSbF6) in a stopped-flow UV/vis spectrophotometer (Fig. 3.3). NOSbF6 was selected as the 
oxidizing agent because it has no absorption in the UV/vis region and a bulky counter anion, 
SbF6
-
, to stabilize the formed aminium cation radical. After the oxidation of the inside and 
dendritic amine moiety with the lower oxidation potential, the oxidation of the amine moiety 
located on the outside of the polymer with the higher potential was observed with the 
absorbance increase at 733 nm. 
 The hyperbranched polymer 2 was also chemically converted to the aminium 
polyradical 1 with an equivalent amount of thianthrene radical tetrafluoroborate
30−33
 in an 
acidic solvent (CH2Cl2/trifluoroacetic acid/trifluoroacetic anhydride = 81/l7/2 v/v).
34
 Upon 
oxidation, the solution color turned to deep purple. The ESR spectrum of the l solution 
showed a strong unimodal signal (g = 2.0028) without any absorption at g = 2.0078 ascribed 
to the oxidizing agent of the thianthrene radical. The half-life of the polyradical l was 
estimated by the ESR signal intensity to be 3.1 weeks at room temperature. The aminium 
radical integrated in the highly branched phenylenevinylene structure was chemically stable 
in comparison with that (1.8 weeks) for the linear-type aminium polyradical, 
poly(4-diphenylaminium-1,2-phenylenevinylene), under the same conditions. 
 The content of the aminium cation radical or spin concentration (spin per the amine 
site) was chemically determined by the titration of l with n-tetrabutlyammonium iodide (a 
chemical quenching or reduction of the radical with the reductant iodide ion.
33, 35
). Aminium 
radicals are known to be reduced to amines with iodide ion. The spin concentration based on 
the titration was 0.65 for l with DP = l2 (herein after, the reported spin concentration is based 
on the iodometric titration of the sample).  
 After the iodometric reduction of the polyradical l, the (quenched) polymer sample 
was sufficiently washed and examined by 
l
H-NMR spectroscopy. The NMR spectra were in 
fair agreement with those of the starting amine polymer, indicating the appreciable retention 
of the chemical (especially, pi-conjugated) structure during the radical generation in 1. 
 
3.4 Magnetic measurements of hyperbranched poly[1,2,(4)-phenylenevinylene- 
anisylaminium] 
 
 The diluted solution of the polyradical l was transferred to a mica surface and 
subjected to atomic and magnetic force microscopies (AFM and MFM, respectively). A 
globular image was detected on the mica, and the single-molecular size corresponded to the 
molecular weight of the polyradical; the horizontal distance of ca. 15 nm and the vertical 
distance of ca. 2 nm were estimated for l with DP = l2. The following MFM clearly indicated 
a magnetic gradient response exactly on the AFM molecular position. The MFM image of the 
polyradical molecule disappeared after the measurement for l week, which corresponded to 
inactivation of the radical in the solid state under ambient conditions.
36 
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Figure 3.4 AFM (tapping mode) image (a) and MFM 
(non-contact mode) image (b) of the polyradical 1 with 
DP = 12 at room temperature. 
   
 The magnetic susceptibility (χ) of the aminium cation polyradical l in the frozen 
acidic CH2Cl2 solution was measured using the SQUID in the low temperature range of 
1.8−170 K. The inset of Figure 3.5 shows the χmolT vs T plots obtained for the 1 sample (spin 
concentration = 0.45). The constant χmolT value of ca. 0.8 indicated a high-spin state or a 
strong spin-exchange interaction in the polyradical 1. 
 Magnetization of the aminium cation polyradical l was also measured using the NMR 
shift method and Evans equation
37, 38
 in the acidic CD2Cl2 solution: The χ value was 
estimated by measuring the standard peak shift of cyclohexane for a concentration series of 
the polyradical solution.
39
 The χmolT value for the l sample with DP = l2 and a spin 
concentration of 0.65 at room temperature (303 K) corresponded to spin quantum number (S) 
= 7/2 (Fig. 3.5). The l sample with DP = l2 and spin concentration = 0.35 was prepared by the 
oxidation with 0.5 eq thianthrene tetrafluoroborate, which gave the χmolT value of 0.355 that 
corresponded to ca. S = 4/2 at room temperature. These results suggested that the multiple 
state is a stable ground state with a large multiplet-singlet gap or a very strong spin exchange 
interaction between the unpaired electrons for l (however, it does not rule out the possibility  
 
Figure 3.5 χmolT vs T plots for 1 with DP = 12 and spin 
concentration = 0.65 (•) and Yang’s biradical
39
 (○).  The 
χmolT  values were estimated by the NMR shift method. 
Inset: the χmolT plots obtained by the SQUID magnetization 
measurement for the 1 sample with the spin concentration = 
0.45. 
Chapter 3 
 66 
 
of a degenerate singlet-multiplet state). Although the spin (radical) concentration of the 1 
sample was not high, the generated radicals’ spins did accumulate on the inside of the 
dendritic amine moiety of the hyperbranched polymer to realize the relatively high S values. 
The high-spin state of l was maintained in the high temperature range of 303−343 K, as 
shown in Figure 4. These demonstrated both the chemical stability and the strong 
spin-exchange interaction of 1. 
  The results in this chapter concluded that the aminium polyradical l behaves as a 
multiplet molecule (S = 7/2 for the l with DP = l2 and spin concentration of 0.65) even at 
room temperature. 
 
Concn
 (mM)
Chemical shift of cyclohexane (ppm)
1a) 1 after 5ha) Yang's biradicalb)
9.5
6.3
3.2
0
χmolT
0.273
0.234
0.179
0.144
0.248
0.218
0.170
0.139
0.0567
0.0494
0.0309
0.0140
0.99 0.84 0.49
Table 3.1 Magnetic susceptibility (χmolT) of the poly-
radicals 1 and Yang's biradical at room temperature.
a) The polyradical 1 was solubilized in the mixed solvent 
of CH2Cl2/trifluoroacetic acid/ trifluoroacetic anhydride/ 
cyclohexane = 81/17/2/2 v/v at 25.6 ℃. b) Yang's biradical 
was solubilized in 2 vol% cyclohexane-contaning CH2Cl2 
at 27.7℃.
Temp. 
(℃)
Peak Shift (ppm)a)
1b)
30
40
50
60
70
0.151
0.145
0.136
0.127
0.707
0.665
0.634
0.0607
1.15 0.536
1.10
1.06
0.123 0.0582 1.06
Table 3.2 Temperature dependence of magnetic suscep-
tibility (χmolT) of the polyradicals 1 and Yang's biradical.
a) Concentration of the radical was 9.5 mM. Peak shift of 
cyclohexane was calibrated by the blank solution. b) The 
polyradical 1 was solubilized in the mixed solvent of CH2Cl2 
/trifluoroacetic acid/trifluoroacetic anhydride/cyclohexane = 
81/17/2/2 v/v. c) Yang's biradical was solubilized 2 vol% 
cyclohexane-contaning C6D6
χmolT
Yang's 
biradicalc) 1
b)
Yang's 
biradicalc)
1.14 0.521
0.512
0.506
0.499
Concn. (mM) Chemical shift of 1a) (ppm)
9.5
6.3
3.2
0
χmolT
0.273
0.234
0.179
0.144
0.99
Table 3.3 Magnetic susceptibility (χmolT) of the 
polyradicals 1 prepraed from oxidation with 0.5 
equivalent of thianthrene cation radical tetra-
fluoroborate.
a)  The polyradical 1 was solubilized in the mixed 
solvent of CH2Cl2/trifluoroacetic acid/trifluoroacetic 
anhydride/cyclohexane = 81/17/2/2 v/v at 26.6℃.  
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3.5  Experimental section 
 The ABB’ type monomer, N-(3-bromo-4-vinylphenyl)-N-(4-methoxyphenyl)-N- 
(4-vinylphenyl)amine 1, was synthesized via 6 steps, as described below. 
 
   4-[N-(4-Methoxyphenyl)amino]benzaldehyde. p-Bromobenzaldehyde (4.45 g, 24.5 
mmol), p-anisidine (3.55 g, 28.9 mmol), Pd2(dba)3 (dba: dibenzylideneacetone) (275 mg, 
0.300 mmol), BINAP: 2,2'-bis(diphenylphosphino)-1,1'-binaphthalene (562mg, 0.902 mmol), 
Cs2CO3 (11.8 g,  36.1 mmol), and toluene (48.1 ml) were placed in a 50ml ampoule. The 
ampoule was degassed and sealed. The mixture was heated to 100°C for 16 hr, poured into 
dilute aqueous ammonia, and extracted with chloroform. The extract was washed with water, 
dried, evaporated, and then purified by a silica gel column separation with hexane/CHCl3 (5 / 
1) as the eluent. The recrystallization from hexane-CHCl3 gave an orange plate crystal of 
4-(N-(4-methoxyphenyl)amino)benzaldehyde (3.69 g, yield 67 %): mp = 113°C; IR (KBr 
pellet): 3585 (νN-H), 1726 (νC=O); 
1
H-NMR (CDCl3, 500 MHz) δ = 9.76 (s, 1H, aldehyde), 
7.71−6.84 (m, 8H, aryl), 6.05 (s, 1H, amine), 3.83 (s, 3H, methoxy); 
13
C-NMR (CDCl3)&δ = 
190.25, 157.03, 151.43, 132.59, 132.20, 127.83, 125.10, 114.84, 133.38, 55.52; Mass: calcd 
for M 227.3, found (m/z) 227 (M
+
). Found: C, 74.6; H, 5.7 ; N, 6.3 %. Calcd for C14H13NO2; 
C, 74.0; H, 5.8; N, 6.2 % 
   4-(N-(3-Bromo-4-formylphenyl)-N-(4-methoxyphenyl)amino)benzaldehyde. 
2-(2-Bromo-4-iodo)-1,3-dioxolane
4d
  (5.52 g, 17.8 mmol), 
4-(N-(4-methoxyphenyl)amino)benzaldehyde (3.67 g, 16.2 mmol), Pd2(dba)3 (185 mg, 0.202 
mmol), BINAP (371 mg, 0.606 mmol), Cs2CO3 (7.89 g,  24.2 mmol), and toluene (32 ml) 
were sealed in an ampoule and heated to 100°C for 64 hr. The mixture was poured into dilute 
aqueous ammonia and extracted with chloroform. The extract was washed with water, dried, 
evaporated, and then purified by a silica gel column separation using hexane/CHCl3 (5 / 1) as 
the eluent. Recrystallization from methanol gave a yellow powder of 
4-(N-(3-bromo-4-formylphenyl)-N-(4-methoxyphenyl)amino)benzaldehyde (3.48 g, yield 
53 %): mp = 138.0°C; IR (KBr pellet): 1576 (νC=O), 1324 (νC-N), 1246 (νC-O-C), 1028 cm
-1 
(νC-O-C); 
1
H-NMR (CDCl3, 500 MHz) δ = 10.18 (s, 1H, aldehyde), 9.90 (s, 1H, aldehyde), 
7.80−6.95 (m, 11H, aryl), 3.85 (s, 3H, methoxy); 
13
C-NMR (CDCl3)&δ = 190.40, 190.12, 
158.43, 152.59, 151.31, 137.37, 131.70, 131.28, 130.77, 128.84, 128.46, 128.43, 124.92, 
122.95, 120.12, 115.63, 55.52; Mass: calcd for M 410.3, found (m/z) 410 (M
+
). Found: C, 
61.4; H, 3.9; N, 3.4 %. Calcd for C21H16BrNO3: C, 61.5; H, 3.9; N, 3.4 % 
   N-(3-Bromo-4-vinylphenyl)-N-(4-methoxyphenyl)-N-(4-vinylphenyl)amine (3). 
Methyltriphenylphosphonium bromide
 
(586 mg, 1.64 mmol) was placed in a schlenk tube, 
and n-butyllithium (0.513 ml, 0.820 mmol) was injected to form an ylide after the addition of 
anhydrous THF (0.4 ml). 
4-(N-(3-Bromo-4-formylphenyl)-N-(4-methoxyphenyl)amino)benzaldehyde (67.4 mg, 0.164 
mmol) was added and stirred for 30 min. The mixture was extracted with chloroform, and 
Chapter 3 
 68 
the extract was washed with water, dried, and evaporated. Flash chromatography (silica gel, 
hexane/CHCl3 7 / 1) gave a pale yellow oil of 
N-(3-bromo-4-vinylphenyl)-N-(4-methoxyphenyl)-N-(4-vinylphenyl)amine (46.1 mg, yield 
69 %): IR (KBr pellet): 1325cm (νC-N), 1242 (νC-O-C), 1036 cm
-1 
(νC-O-C); 
1
H-NMR (CDCl3, 
500 MHz) δ = 7.39−6.84 (m, 11H, aryl), 6.98 (dd, J = 11, 17 Hz, 1H, vinyl), 6.65 (dd, J = 11, 
18 Hz, 1H, vinyl), 5.64 (d, J = 18 Hz, 1H, vinyl), 5.57 (d, J = 17 Hz, 1H, vinyl), 5.23(d, J = 
11 Hz, 1H, vinyl), 5.16 (d, J = 11 Hz, 1H, vinyl), 3.80(s, 3H, methoxy); 
13
C-NMR (CDCl3)&δ = 
156.81, 148.44, 146.76, 139.56, 136.10, 135.11, 132.31, 130.27, 127.62, 127.15, 126.73, 
125.18, 124.03, 123.44, 120.95, 114.99, 114.40, 112.45, 55.46; Mass: calcd for M 406.3 
found (m/z) 406 (M
+
). Found: C, 67.7; H, 4.8; N, 3.3 % Calcd for C23H20BrNO: C, 68.0; H, 
5.0; N, 3.5 % 
   Poly(1,2,(4)-phenylenevinyleneanisylamine) (2). 
N-(3-Bromo-4-vinylphenyl)-N-(4-methoxyphenyl)-N-(4-vinylphenyl)amine (202 mg, 0.497
 
mmol), Pd(OAc)2 (2.23 mg, 1.60
 µmol), P(o-tolyl)3 (12.1 mg, 39.8
 µmol), LiCl (210 mg, 4.97 
mmol), triethylamine (0.166 ml, 1.19 mmol), and DMF (2.49 ml) were heated to 100°C for 1 
hr. The THF soluble part was purified using a polystyrene gel column. Reprecipitation from 
the chloroform solution into methanol, and freeze-drying produced a yellow powder of 
poly(1,2,(4)-phenylenevinyleneanisylamine) (79 mg yield 39 wt%): IR (KBr pellet): 1242 
(νC-O-C), 1038 (νC-O-C), 961 cm
-1 
(δC=C); 
1
H-NMR (CDCl3, 500M Hz) δ = 7.36−6.39 (m, 13H, 
aryl), 5.69−5.48 (m, 0.96H, vinyl), 5.30−5.18 (m, 0.54H, vinyl), 5.18-5.08 (m, 0.42H, vinyl), 
3.81 (s, 3H, methoxy); UV/vis (dichloromethane) λmax = 362 nm (ε = 1.0×10
4
 cm
-1
M
-1
, 315 
nm (ε = 9.4×103 cm-1M-1); fluorescent (dichloromethane) λem = 492 nm (λex = 313 nm); GPC 
(calibrated with polystyrene standard) Mw = 4000, Mw/Mn = 2.0; Found: C, 83.3; H, 5.8 ; Br, 
1.9; N, 4.0 %. Calcd for C276H229BrN12O12 (DP = 12): C, 83.1; H, 5.8; Br, 2.0; N, 4.2 %. 
 p-Bromo anisole (0.281 ml, 2.26 mmol) was mixed with  
poly(1,2,(4)-phenylenevinyleneanisylamine) (79 mg), Pd(OAc)2 (10.1 mg, 4.52×10
-5 
mol), 
P(o-tolyl)3 (55.1 mg, 1.81×10
-4 
mol), LiCl (95.6 mg, 2.26 mmol), triethylamine (0.756 ml, 
5.42 mmol), and DMF (2.5 ml) then heated to 100°C for 3 hr. The THF soluble mixture was 
purified by a polystyrene gel column. Reprecipitation from the chloroform solution into 
methanol, and freeze-drying produced a yellow powder of the end-capped 
poly(1,2,(4)-phenylenevinyleneanisylamine) (2) (79.7 mg, yield 100 wt%) : IR (KBr pellet): 
1244 (νC-O-C), 1036 (νC-O-C), 960 cm
-1 
(δC=C); 
1
H-NMR (CDCl3, 500 MHz) δ = 7.52−6.15 (m, 
aryl), 3.78 (s, methoxy); UV/vis (dichloromethane) λmax = 300 nm (ε = 2.1×10
4
 cm
-1
M
-1
), 385 
nm (ε = 2.3×104 cm-1M-1); fluorescent (dichloromethane) λem = 505 nm (λex = 430 nm); GPC 
Mw = 5200, Mw/Mn = 2.1. 
 
  Cyclic and Differential Pulse Voltammetry. Cyclic voltammetry and differential pulse 
voltammetry were recorded for the 1 mM 2 in the 0.1 M tetrabutylammonium 
tetrafluoroborate-CH2Cl2 solution using a BAS 100B/W electrochemical analyzer 
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(Bioanalytical Systems, Inc., USA). The working electrode, the counter electrode, and the 
reference electrode with a platinum disk, a platinum wire, and a saturated Ag/AgCl calibrated 
vs a ferrocene couple, respectively.  
   Stopped-flow and Electrolytic ESR and UV/vis Spectroscopies. Anhydrous CH2Cl2 
solutions of 0.1 mM 2 and of 2 mM NOSbF6 solubilized with 18-crown-6 were mixed in the 
spectrophotometer. The time-resolved UV/vis was recorded using a rapid-scan stopped-flow 
spectrophotometer RSP-501 (Unisoku Co., Osaka). 0.1 mM 2 in the CH2Cl2 solution 
containing 0.1 M (C4H9)4NBF4 was oxidized with a platinum gauze (100 mesh) electrode at a 
given potential using a potentiogalvanostat NPGS-301 (Nikko Keisoku Co., Kanagawa). The 
ESR and UV/vis spectra were recorded by a JEOL JES-2XG ESR spectrometer and a JASCO 
V-550 UV/vis spectrophotometer. The ESR signal was calibrated with an external standard of 
Mn
2+
/MgO (g = 1.981). 
 
   Preparation of the Polyradical. The thianthren cation radical tetrafluoroborate (4.00mg, 
13.2 µmol) was dissolved in the mixed solvent (0.92 ml) of CH2Cl2/trifluoroacetic 
acid/trifuluoroacetic anhydride = 97/0.6/2.6 v/v. The solution was dropped into the 
trifluoroacetic acid (40.9 µl) solution of 2 (1 mg, 2.36 µmol), and stirred for 5 min at room 
temperature (the resultant solution composition: CH2Cl2/ trifluoroacetic acid/trifluoroacetic 
anhydride = 81/17/2 v/v).  
   Chemical Reduction or Quenching of the Polyradical 1 to the Hyperbranched 
Poly(1,2,(4)-phenylenevinyleneanisylamine). A 0.25 ml aliquot of the CH2Cl2 solution of 
the 9.5 mM polyradical 1 (2.36 µmol) solution was diluted to 4.5 mM with 0.25 ml CH2Cl2. A 
0.12 M tetrabutylammonium iodide (20 µl, 2.36 µmol) CH2Cl2 solution was added to the 
polyradical solution with stirring to reduce or quench the radical. The mixture was then 
washed, dried, and evaporated. Reprecipitation from the CH2Cl2 solution to methanol and 
freeze-drying produced a yellow powder of the reduced or quenched sample. The 
1
H-NMR 
spectrum of the sample fairly agreed with that of the unoxidized or starting 2: IR (KBr pellet): 
1246 (νC-O-C), 1034 (νC-O-C), 958 cm
-1 
(δC=C); 
1
H-NMR (CDCl3, 500 MHz) δ = 7.46−6.25 (m, 
aryl), 3.77 (s, methoxy). 
   Titration of the Polyradical. The diluted CH2Cl2 solution (25 ml) of 0.095 mM 
polyradical 1 was titrated with 0.2 mM tetrabutylammonium iodide CH2Cl2 solution. 
Disappearance of the solution color (purple) that originated from the polyradical indicated end 
point of the titration. Tris(p-bromophenylamminium) hexachloroantimonate was also titrated 
as a control experiment. 
 
   AFM and MFM Measurements. A drop of 1−5 µM dichloromethane solution of the 
polyradical 1 was transferred onto freshly cleaved mica using a microsyringe, and then the 
solvent was carefully removed by air-drying. If a concentrated solution was used, the polymer 
was aggregated on the surface. The AFM and MFM experiments were performed using a 
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Nanoscope III (Digital Instruments, Inc., USA). A single-crystal silicon cantilever for AFM 
(Digital Instruments: NCH: tip height 10−15 µm, radius curvature at front ca. 5 nm, length 
125 µm, width 30 µm, and thickness 3−5 µm, with a spring constant between 20 and 100 
Nm
-1
) was used. Resonance peaks in the frequency response of the cantilever were selected in 
the range between 280 and 320 kHz for the tapping mode oscillation. A commercially 
available and standard MFM tip coated with a ferromagnetic CoCr alloy with a length of 225 
µm and a magnetic moment of 10-13 emu (purchased from Digital Instruments, Nanoprobe 
SPM Tips Type MESP) was used. All tips were magnetized in the z-direction, which is along 
the long tip axis. The MFM images in the noncontact mode were obtained after the AFM 
imaging in the tapping mode in the same scan area with a scan rate of 2 Hz, a drive resonance 
frequency of ca. 78 kHz, and a scan lift height of 20 nm, which were selected upon tuning. 
   Magnetic Susceptibility Measurement with NMR. Thin NMR tubes filled with the 2 
vol% cyclohexane-mixed sample solution was placed in the center of a thick standard NMR 
tube (a 5 mmφ glass tube) which was filled with the mixture of the deutrated solvent C6D6 and 
cyclohexane for the external reference, and the NMR spectrum was recorded at 499.10 MHz 
using a JEOL NMR 500 Λ spectrometer. The chemical shift of cyclohexane was measured, 
and the magnetic susceptibility was calculated based on the Evans equation
17
 from ∆ν, which 
is the frequency separation of cyclohexane between those of the internal sample solution and 
the external reference for the radical solutions at concentrations of 9.5, 6.3, 3.2, and 0 mM. 
The accuracy of these methods was confirmed by measurement of Cr(acac)3, in which the 
solution composition and concentration were equivalent to the other measurements (the 
external reference: C6D6 containing 2 vol% cyclohexane, the internal reference: the mixed 
solution (CH2Cl2/trifluoroacetic acid/trifluoroacetic anhydride = 81/17/2 v/v) containing 2 
vol% cyclohexane). 
   SQUID Measurement. The magnetization and static magnetic susceptibility were 
measured by a Quantum Design MPMS-7 SQUID magnetometer. The static magnetic 
susceptibility was measured from 1.8 to 200 K in a 0.5 T field. The magnetization  was 
measured from 0.5 to 7 T at 1.8, 2, 2.5, 5 K. Ferromagnetic impurities and diamagnetic 
susceptibility of the matrix and the capsule were determined by the Honda-Owen and Curie 
plots, respectively, and were subtracted from the measured magnetization. 
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4.1  Introduction 
 
 There is still a strong research interest in the synthesis of purely organic-derived 
high-spin polymers because they are a possible candidate for magnetically active organic 
materials.
1−7 
The high-spin polymers have been synthesized to satisfy a non-Kekulé-type and 
non-disjoint connectivity among the unpaired electrons of the radical moieties through the 
pi-conjugated skeleton of the polymers.8−17 Chemically stable radical species would facilitate 
studies of such high-spin polymers. We selected triarylaminium radicals as a favorable source 
of the unpaired electron which satisfies both the chemical stability and efficient delocalization 
of the spin-density for the high-spin alignment.
18-22
 
 On the other hand, the high-spin polymers have been recently extended to the 
branched and/or dendritic pi-conjugation analogues to enhance the strong spin-alignment 
through the pi-conjugated skeleton.23−26 For example, Rajca et al. synthesized 
two-dimensionally dendritic-macrocyclic poly(1,3-phenylenephenylmethine)s and reported a 
huge magnetic moment corresponding to an S (spin quantum number) > 5000.
11
 That is, the 
unpaired electrons of the radicals multi-directionally and quasi two- or three-dimensionally 
couple with a high number of the neighboring radicals’ unpaired electrons through the 
branched or dendritic pi-conjugation pathway in order to stabilize the high-spin ground state 
and increase the spin-alignment number. A combination of the multi-directionally extended 
pi-conjugation with a chemically stable radical species such as the triarylaminium radical was 
expected to provide the possibility of the high-spin polymer as a magnetically active material 
and possibly raise the temperature range of the high-spin ordering. 
 Hyperbranched polymerization
27, 28
 is one of the methods to prepare a highly 
branched pi-conjugation skeleton for the polyradical. In the chapter 3, we synthesized 
poly[1,2,(4)-phenylenevinyleneanysilaminium] 1 (Chart 1), which is the first example of 
room temperature high-spin, purely organic polymer. The hyperbranched polyaminium radical 
1 was obtained via the one-pot polycondensation of an asymmetric trifunctional ABB’ type 
monomer, N-(3-bromo4-vinylphenyl)-N-(4-methoxyphenyl)-N-(4-vinylphenyl)amine, and the 
subsequent oxidation. Usually, hyperbranched polymers are easily prepared via a one-pot 
polymerization, however, the produced polymers involve irregular structures including 
unreacted branch points, when compared to the analogous dendrimers.
27, 28
 The magnetic 
property or the high-spin alignment of the hyperbranched polyradical 1 is presumed to depend 
upon its branched pi-conjugation structure. Characterization of the hyperbranched structure of 
the high-spin polymer 1 is crucial in order to elucidate the outstanding magnetic property of 1. 
 This chapter describes the synthesis of the key model compound of the high-spin 
polymer 1 or the trimer of 1, bis({[(dianisylamino)phenyl]vinyl}phenyl)amine 2, from 
N-(4-methoxyphenyl)-N-(3-methyl-4-vinylphenyl)-N-(4-vinylphenyl)amine 3 and 
N-(3-bromo-4-methylphenyl)-N,N’-bis(4-methoxyphenyl)amine 4, and its quartet high-spin 
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property or the effective spin-coupling through the designed pi-conjugation. The branched 
structure and degree of branching of the hyperbranched polymer 1 were also discussed in this 
paper based on the model reaction of 
N-(4-methoxyphenyl)-N-(3-methyl-4-vinylphenyl)-N-(4-vinylphenyl)amine 3 and 
p-bromobenzene using the same Pd-catalyzed condensation conditions for formation of 1. 
 
OCH3
N
Br
Ar
Arn
Ar : OCH3
1
 
 
4.2  Synthesis of bis({[(dianisylamino)phenyl]vinyl}phenyl)amine 
   The trimer model  compound, N-(4-methoxyphenyl)-N-[4- 
({5-[N,N’-bis(4-methoxyphenyl)amino]-2-methylphenyl}vinyl)phenyl]-N-({5-[N,N’-bis(4-me
thoxyphenyl)amino]-2-methylphenyl}vinyl)-3-methylphenyl]amine 2, was synthesized by 
coupling of N-(4-methoxyphenyl)-N-(3-methyl-4-vinylphenyl)-N-(4-vinylphenyl)amine 3 
with N-(3-bromo-4-methylphenyl)-N,N’-bis(4-methoxyphenyl)amine 4 using the palladium 
acetate-tri-o-tolylphosphine catalyst (Scheme 4.1). 2 was characterized by NMR, IR, and 
UV/vis spectroscopies. 42 Carbons in the 
13
C-NMR spectrum were ascribed to the 
asymmetric structure of 2 composed of three triarylamine moieties and two stilbene bridges. 
The large coupling constant of the vinylenes in the 
1
H-NMR spectrum (J = 16 and 16 Hz) and 
the IR absorption at δC-H = 963 cm
-1
 indicated the trans-vinylene structure for the two stilbene 
bridges. The UV/vis absorption (λmax = 302, 387 nm) and fluorescence (λem = 502 nm) 
suggested a developed pi-conjugation in 2. 
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Scheme 4.1 
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4.3 Electrochemical and chemical oxidation of 
bis({[(dianisylamino)phenyl]vinyl}phenyl)amine 
 
 Cyclic voltammetry of the trimer model compound 2 showed reversible redox waves 
at 0.72 and 0.84 V (Fig. 4.1a). Two oxidation peaks were also observed at 0.70 and 0.85 V 
using differential pulse voltammetry (ip1/ip2 = 2; peak current (ip1, ip2) at 0.70 and 0.85 V are 
18 and 9.4 µA). The first and second oxidation waves involved a two- and one-electron 
process, respectively. The rotating disc voltammetry for the oxidation of 2 also revealed a 
two-step oxidation current (il1 / (il2 − il1) = 1; diffusion current (il1, il2) at 0.83 and 1.1 V are 60 
and 90 µA). These results suggested that the outer two amine moieties, 
bis(methoxyphenyl)-(methylphenyl)amines, were oxidized prior to the inner 
(methoxyphenyl)-(methyl-vinylphenyl)-(vinylphenyl)amine unit. 
 
 
Figure 4.1 Cyclic and differential pulse voltammograms of the 
trimer model compound 2 (a) and rotating disk voltammogram 
of 2 (b) in CH2Cl2 with 0.1 M (C4H9)NBF4. 
 
 The triamine 2 was chemically oxidized to the aminium cation triradical 2
+
 with an 
equivalent amount of thianthrene radical tetrafluoroborate in the acidic mixed solvent of 
trifluoroacetic acid, trifluoroacetic anhydride, and dichloromethane (vol l7/2/81). Upon the 
oxidation of 2, the solution color turned deep purple. The ESR spectrum of the 2
+
 solution had 
a narrow unimodal signal (g = 2.0029) without any absorption at g = 2.008 ascribed to the 
oxidizing agent of the thianthrene radical. The half-life of the triradical 2
+
 was estimated by 
the ESR signal intensity to be ca. 1 week at room temperature. 
 The content of the aminium cation radical or spin concentration (spin per the amine 
site) in the chemically formed 2
+
 was chemically determined by the titration of 2
+
 with the 
iodide ion of n-tetrabutylammonium iodide (a chemical quenching or reduction of the radical 
with the reductant I
-
).
29, 30
 The spin concentration based on the titration was 0.90 for 2
+
 (herein 
after, the given spin concentration is based on the iodometric titration of the sample). 
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4.4  Magnetic measurements of bis({[(dianisylaminium)phenyl]vinyl}phenyl)aminium 
 
 The magnetic susceptibility (χmol) of the radical 2
+
 was measured using the NMR 
shift method based on Evans equation.
31, 32
 The susceptibility was estimated by meaning the 
peak shift for a concentration series of the standard peak of cyclohexane in the deutrated C6D6 
solution. The χmolT value for the 2
+
 at room temperature (303 K) was 0.64 (0.625 for the 
theoretical value of spin quantum number (S) = 3/2). The susceptibility for 2
+
 was measured 
in the high temperature range between 303 and 343 K (Fig. 4.2). The high-spin and triplet 
state of the triradical 2
+
 was maintained even at the high temperature of 343 K (70 ºC). 
 The magnetization of 2
+
 in the frozen acidic medium was measured by SQUID. 
The magnetization normalized with saturated magnetization (M/Ms) vs. the ratio of the 
magnetic field and temperature (H/(T - θ)) plots for the 2+ with a spin concentration of 0.72 
were very close to the theoretical Brillouin curve for S = 2/2 (The spin concentration 
remained around 0.7 during the sample preparation for SQUID measurement). The χmolT 
value vs. T plots agreed with the theoretical value of 0.50 for S = 2/2 and almost constant in 
the temperature range of 20−150 K (Fig. 4.3). 
 
      
 
 
 
 
 
  These magnetization data of the aminium radical 2
+
 indicate the chemical stability of the 
aminium radical 2
+
 and a strong spin-exchange interaction through the branched and 
pi-conjugated phenylenevinylene structure, which support a stable high-spin polymer 
formation by utilizing the aminium polyradical combined with the phenylenevinylene 
skeleton. 
 
 
 
 
Figure 4.2 χmolT vs T plots for the triradical 2
+
 
(spin concentration = 0.95) (○). The χmolT values 
were estimated by the NMR shift method. 
Figure 4.3 χmolT vs T plots obtained by the 
SQUID magnetization for the triradical 2
+
 (spin 
concentration = 0.72) (○). Inset: Normalized plots 
of magnetization vs the ratio of the magnetic field 
and temperature at 1.8 (○), 2.0 (•), 2.5 (□), 3.0 (■), 
and 5.0 K (△) (θ = −0.3K). 
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4.5   Branched structure of hyperbranched poly[1,2,(4)-phenylenevinylene- 
anisylaminium] 
 
 In the chapter 3, we synthesized the hyperbranched and head-to-tail linked 
poly(phenylenevinylene), poly[1,2,(4)-phenylenevinyleneanisylamine] 6, and reported the 
room temperature high-spin state for the corresponding aminium polyradical 1. The 
1
H-NMR 
spectra of 6 were carefully studied in this investigation. The peaks in the range of 5.4−5.0 
ppm that resulted from the uncapped polymer could be ascribed to the two terminal vinyl 
groups of the polymer 6 (Fig. 4.3).  The integral ratio of the two vinyl groups was almost 
unity indicating a highly branched polymer structure (a favorable reaction of either vinyl 
group yields a linear-type polymer). Bromine was detected at less than 2 wt% from the 
elemental analysis. 
 
 
OCH3
N
Br
(1) Pd / P(o-tolyl)3
(2)Br OCH3
OCH3
N
Br
Ar
Arn
-ne
Ar : OCH3
5 6
1
   
                  Scheme 4.2 
 
 
 
 The head-to-tail linkage and the branched structure in the polymer 6 were studied by 
examining a model reaction (scheme 4.3) of 
N-(4-methoxyphenyl)-N-(3-methyl-4-vinylphenyl)-N-(4-vinylphenyl)amine 3 and 
p-bromobenzene using the same Pd catalyst and condensation reaction conditions. The model 
reaction with the feed molecular ratio of p-bromobenzene/3 = 1 gave the unreacted terminal 
unit 3, linear unit, 
N-(4-methoxyphenyl)-N-(3-methyl-4-vinylphenyl)-N-(4-styrylphenyl)amine 7 and 
N-(4-methoxyphenyl)-N-(3-methyl-4-styrylphenyl)-N-(4-vinylphenyl)amine 7’, and the 
dendritic unit, N-(4-methoxyphenyl)-N-(3-methyl-4-styrylphenyl)-N-(4-styrylphenyl)amine 8, 
as shown in scheme 4.3. The reaction mixture was separated into three fractions by HPLC on 
a polystyrene gel column, and the fractions were analayzed by FAB-mass and 
l
H- NMR 
spectroscopy. The FAB-mass peaks [(m/z) 341, 417, and 493 (M
+
)] of the three fractions 
agreed with the molecular mass of the unreacted terminal unit 3, the linear unit 7 and 7’, and 
the dendritic unit 8, respectively. The two linear units in the second fraction could not be 
separated into 7 and 7’.
 
In the
 1
H-NMR spectra of the two linear units, 7 and 7’, the integral 
Figure 4.3 NMR spectrum of the uncapped polymer 6. 
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ratio of the vinyl groups decreased in comparison with the ratio for the starting 3 after the 
reaction. The vinyl group disappeared in the 
1
H-NMR spectrum of the dendritic unit 8 and 
was converted into the stilbene structure. 
 The reaction mixture of the model reaction was analyzed by NMR to estimate the 
degree of branching of 6 under this polycondensation condition (Fig 4.4). The NMR spectrum 
of the reaction mixture gave multiple peaks in the range of 5.7−5.1 and 3.8 ppm, which were 
ascribed to the vinyl and methoxy groups of each reactant, the terminal unit 3 (T), the linear 
unit 7 and 7’ (L and L’), and the dendritic unit 8 (D). The integral ratio of the vinyl (linear (L 
+ L’) / terminal (T) = 2.02 / 1) and the methoxy groups (dendritic (D) / linear (L) / terminal 
(T) = 0.91 / 2.08 / 1) revealed a predominant formation of the dendritic unit 8 in comparison 
with those of the linear units, 7 and 7’. The degree of branching (DB = (D + T) / (L + D + T) 
≈ 2T / (L + 2T))
33−35
 was estimated to be 0.50 and 0.48 based on the vinyl and methoxy 
groups, respectively. These results indicated that the 
poly[1,2,(4)-phenylenevinyleneanisylamine] 6 was formed with a highly branched structure 
under these experimental conditions. 
 
OCH3
N
CH3
Br
Pd / P(o-tolyl)3
3
OCH3
N
CH3
OCH3
N
CH3
OCH3
N
CH3
7 (L)
7' (L')
8 (D)
3 (T)
         Scheme 4.3 
   
 These results suggested that a multiplet state was observed for the triradical 2
+
 and 
the polyradical 1 even at room temperature based on the very strong spin exchange interaction 
between the unpaired electrons for 1 through the highly hyperbranched and pi-conjugated 
poly(phenylenevinylene) skeleton. 
 
 
 
 
Figure 4.4. NMR spectrum of the reaction mixture for 
the model reaction used to determine the DB. 
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4.4  Experimental Section 
 
Synthesis 
    4-[N-(4-Formylphenyl)-N-(4-methoxyphenyl)amino]-2-methylbenzaldehyde. 
4-Bromo-2-methylbenzaldehyde (1.93 g, 9.68 mmol), Pd2(dba)3 (dba: dibenzylideneacetone) 
(101 mg, 0.110 mmol), BINAP: 2,2'-bis(diphenylphosphino)-1,1'-binaphthalene (206 mg, 
0.330 mmol), and Cs2CO3 (4.30 g,  13.2 mmol) were added to a 18 ml toluene solution of 
4-[N-(4-methoxyphenyl)amino]benzaldehyde (2.00 g, 8.80 mmol) in a 50 ml ampule. The 
ampule was degassed, sealed, and heated at 100°C for 72 h. The resulting mixture was 
poured into aqueous ammonium chloride, the mixture was extracted with chloroform, and the 
organic layer was dried over magnesium sulfate. After removal of the solvent, the 
purification by chromatography with a silica gel column and a chloroform/ethyl acetate = 9/1 
eluent gave 4-[N-(4-formylphenyl)-N-(4-methoxyphenyl)amino]-2-methylbenzaldehyde as a 
brown oil (1.31 g, Yield 43 %). 
1
H-NMR (CDCl3, 500 MHz) δ = 10.10 (s, 1H, formyl), 9.85 
(s, 1H, formyl), 7.75 (d, J = 8.8 Hz, 2H, aryl), 7.68 (d, J = 8.5 Hz, 1H, aryl), 7.15 (d, J = 8.8 
Hz, 2H, aryl), 7.12 (d, J = 9.0 Hz, 2H, aryl), 7.01 (d, J = 2.3 Hz, 1H, aryl), 6.94 (d, J = 9.0 Hz, 
2H, aryl), 6.92 (d, J = 2.3 Hz, 2H, aryl), 3.84 (s, 3H, methoxy), and 2.56 (s, 3H, methyl); 
13
C-NMR (CDCl3, 500 MHz)δ = 190.6, 190.2, 157.9, 152.0, 150.9, 142.3, 137.8, 133.5, 
131.0, 130.5, 128.9, 128.7, 124.4, 121.7, 119.6, 115.3, 55.3, and 19.6; IR (KBr pellet): 2932 
(νAr C-H), 1594 (νC=O), and 1243 cm
-1
 (νC-O-C); Mass: calcd for M 345.4, found (m/z) 345 (M
+
). 
Found: C, 76.4; H, 5.6; N, 4.1 %. Calcd for C22H19NO3: C, 76.5; H, 5.5; N, 4.1 %. 
   N-(4-Methoxyphenyl)-N-(3-methyl-4-vinylphenyl)-N-(4-vinylphenyl)amine 3. 
Methyltriphenylphosphonium bromide (6.21 g, 17.4 mmol) was placed in a Schlenk tube, and 
then dried under vacuum for 1 h. THF (4.2 ml) was added, and the mixture was stirred for 10 
min at room temperature. A 1.58 M hexane solution (5.40 ml) of n-butyllithium (8.69 mmol) 
was slowly added to the THF suspension, and then the suspension was stirred for 30 min. A 
5.3 ml THF solution of 
4-[N-(4-formylphenyl)-N-(4-methoxyphenyl)amino]-2-methylbenzaldehyde (600 mg, 1.74 
mmol) was slowly added, and the mixture was stirred for 19 h. The resulting mixture was 
extracted with chloroform, and the organic layer was dried over magnesium sulfate. After 
removal of the solvent, the purification by chromatography with a silica gel column and a 
hexane/chloroform = 4/1 eluent  gave 
N-(4-methoxyphenyl)-N-(3-methyl-4-vinylphenyl)-N-(4-vinylphenyl)amine 3 as a yellow oil 
(397 mg, Yield 67 %).  
1
H-NMR (CDCl3, 500 MHz) δ = 7.36 (d, J = 8.2 Hz, 1H, aryl), 7.26 
(d, J = 8.0 Hz, 2H, aryl), 7.06 (d, J = 8.8 Hz, 2H, aryl), 6.97 (d, J = 8.8 Hz, 2H, aryl), 6.87 (dd, 
J = 11, 17 Hz, 1H, vinyl), 6.85−6.83 (m, 4H, aryl), 6.65 (dd, J = 11, 18 Hz, 1H, vinyl), 5.61 (d, 
J = 18 Hz, 1H, vinyl), 5.55 (d, J = 17 Hz, 1H, vinyl), 5.19 (d, J = 11 Hz, 1H, vinyl), 5.13 (dd, 
J = 11 Hz, 1H, vinyl), 3.80 (s, 3H, methoxy), and 2.24 (s, 3H, methyl); 
13
C-NMR (CDCl3, 500 
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MHz) δ = 156.3, 147.7, 147.2, 140.4, 136.4, 136.3, 134.1, 131.2, 130.7, 127.4, 127.0, 126.0, 
124.4, 122.6, 120.8, 114.8, 113.3, 111.7, 55.5, and 19.8; IR (KBr pellet): 1242 cm
-1
 (νC-O-C); 
Mass: calcd for M 341.5, found  (m/z) 341 (M
+
). Found: C, 84.2; H, 5.7; N, 4.0 %. Calcd for 
C24H23NO: C, 84.4; H, 6.8; N, 4.1 %. 
    N-(3-Bromo-4-methylphenyl)-N,N’-bis(4-methoxyphenyl)amine 4. 
2-Bromo-4-iodotoluene (4.84 g, 16.3 mmol), Pd2(dba)3 (170 mg, 0.185 mmol), BINAP (346 
mg, 0.556 mmol), and sodium tert-butoxide (2.14 g,  22.2 mmol) were added to a 30 ml 
toluene solution of N,N’-bis(4-methoxyphenyl)amine (2.00 g, 8.80 mmol) in a 50 ml ampule. 
The degassed ampule was heated at 100 °C and stirred for 72 h. The resulting mixture was 
poured into aqueous ammonium chloride, the mixture was extracted with chloroform, and the 
organic layer was dried over magnesium sulfate. After removal of the solvent, the purification 
by chromatography with a silica gel column and a hexane/chloroform = 1/1 eluent gave 
(3-bromo-4-methylphenyl)-N,N’-bis(4-methoxyphenyl)amine as a white powder (3.02 g, 
Yield 51 %). 
1
H-NMR (CDCl3, 500 MHz) δ = 7.43 (s, 1H, aryl), 7.25 (d, J = 8.4 Hz, 4H, aryl), 
7.17 (d, J = 8.6 Hz, 1H, aryl), 7.04 (d, J = 8.6 Hz, 1H, aryl), 7.02 (d, J = 8.4 Hz, 4H, aryl), 
3.92 (s, 6H, methoxy), and 2.52 (s, 3H, methyl); 
13
C-NMR (CDCl3, 500 MHz) δ = 155.7, 
147.7, 140.3, 130.6, 129.0, 126.0, 124.8, 123.9, 119.6, 114.5, 54.9, and 19.8; IR (KBr pellet): 
2932 (νAr C-H) and 1240 cm
-1
 (νC-O-C); Mass: calcd for M 398.3, found (m/z) 398 (M
+
). Found: 
C, 63.4; H, 5.00; N, 3.4 %. Calcd for C21H20BrNO2: C, 63.3; H, 5.1; N, 3.5 %. 
    Model reaction.  p-Bromobenzene (4.60 mg, 29.3 µmol), palladium acetate (0.13 mg, 
0.58 µmol), tri-o-tolylphosphine (0.72 mg, 2.4 µmol), lithium chloride (12.4 mg, 0.293 mmol), 
and triethylamine (7.15 mg, 70.3 µmol) were added to a 0.15 ml N,N-dimethylformamide 
solution of N-(4-methoxyphenyl)-N-(3-methyl-4-vinylphenyl)-N-(4-vinylphenyl)amine 3 
(10.0 mg, 29.3 µmol) in a 5 ml ampule. The degassed ampule was heated at 100°C and stirred 
for 48 h. The resulting mixture was poured into aqueous ammonium chloride, the mixture was 
extracted with chloroform, and the organic layer was dried over magnesium sulfate. After 
removal of the solvent, the mixture was analyzed by NMR in CDCl3. 
    N-(4-Methoxyphenyl)-N-(3-methyl-4-styrylphenyl)-N-(4-styrylphenyl)amine 8. 
1
H-NMR (CDCl3, 500 MHz) δ = 7.51−6.85 (m, 13H, aryl), 7.38 (d, J = 8.4 Hz, 2H, aryl), 7.31 
(d, J = 18 Hz, 1H, vinylene), 7.25 (d, J = 19 Hz, 1H, vinylenel), 7.10 (d, J = 8.8 Hz, 2H, aryl), 
7.03(2) (d, J = 19 Hz, 1H, vinylene), 7.02(7) (d, J = 8.4 Hz, 2H, aryl), 6.90 (d, J = 18 Hz, 1H, 
vinylene), 3.82 (s, 3H, methoxy), and 2.33 (s, 3H, methyl); IR (KBr pellet): 2932 (νAr C-H), 
1241 (νC-O-C), and 961 cm
-1
 (δAr C-H); Mass: calcd for M 493.6, found (m/z) 494 (M
+
). 
N-(4-methoxyphenyl)-N-[4-({5-[N,N’-bis(4-methoxyphenyl)amino]-2-methylphenyl}vinyl
)phenyl]-N-[4-({5-[N,N’-bis(4-methoxyphenyl)amino]-2-methylphenyl}vinyl)-3-methylph
enyl]amine 2. (3-Bromo-4-methylphenyl)-N,N’-bis(4-methoxyphenyl)amine 3 (583 mg, 1.46 
mmol), palladium acetate (6.60 mg, 0.0293 mmol), tri-o-tolylphosphine (35.7 mg, 0.117 
mmol), lithium chloride (61.9 mg, 1.46 mmol), and triethylamine (355 mg,  3.51 mmol) 
were added to a 2.2 ml N,N-dimethylformamide solution of 
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N-(4-methoxyphenyl)-N-(3-methyl-4-vinylphenyl)-N-(4-vinylphenyl)amine 4 (583 mg, 1.46 
mmol) in a 5 ml ampule. The degassed ampule was heated at 100 °C and stirred for 24 h. The 
resulting mixture was poured into aqueous ammonium chloride, and the mixture was 
extracted with chloroform, and the organic layer was dried over magnesium sulfate. After 
removal of the solvent, the purification by chromatography with a silica gel column and a 
hexane/chloroform = 4/1 eluent and HPLC with a polystyrene gel column gave 
N-(4-methoxyphenyl)-N-[4-({5-[N,N’-bis(4-methoxyphenyl)amino]-2-methylphenyl}vinyl)ph
enyl]-N-[4-({5-[N,N’-bis(4-methoxyphenyl)amino]-2-methylphenyl}vinyl)-3-methylphenyl]a
mine 7 as a yellow solid (64.3 mg, Yield 4.5 %). 
1
H-NMR (CDCl3, 500 MHz) δ = 7.41 (d, J = 
8.2 Hz,1H, aryl), 7.31 (d, J = 7.6 Hz, 1H, aryl), 7.21 (s, 1H, aryl), 7.17 (s, 1H, aryl), 7.11 (d, J 
= 16 Hz, 1H, vinylene), 7.07-6.76 (m, 13H, aryl), 7.03(1) (d, J = 8.9 Hz, 8H, aryl), 7.02(6) (d, 
J = 16 Hz, 1H, vinylene), 6.88 (d, J = 16 Hz, 1H, aryl), 6.81 (d, J = 8.9 Hz, 8H, aryl), 6.71 (d, 
J = 16 Hz, 1H, vinylene), 3.78 (s, 15H, methoxy), 2.33 (s, 6H, methyl), and 2.22 (s, 3H, 
methyl); 
13
C-NMR (CDCl3, 500 MHz) δ = 156.4, 155.4, 155.3, 147.4, 147.0, 146.9(4), 
146.9(0), 141.5, 141.4, 149.2, 137.7, 137.2, 136.9, 131.2, 131.0, 130.9, 130.7, 129.4, 128.7, 
128.6, 127.6, 127.4, 127.3, 126.4, 126.3, 125.8, 125.7, 124.7, 124.4, 122.7, 121.5, 121.1, 
120.9, 119.0, 118.9, 114.8, 114.6, 114.5, 55.5, 21.1, 20.0, and 19.2; IR (KBr pellet): 1241 
(νC-O-C) and 963 cm
-1
 (δAr C-H); UV/vis (dichloromethane) λmax = 387 and 302 nm; fluorescent 
(dichloromethane) λem = 502 nm (λex = 424 nm); Mass: calcd for M 976.2, found (m/z) 976 
(M
+
). Found: C, 81.4; H, 6.2; N, 4.3 %. Calcd for C66H61N3O5: C, 81.2; H, 6.3; N, 4.3 %. 
 
The synthesis of the hyperbranched poly[1,2,(4)-phenylenevinyleneanisylamine] and the 
iodometric titration of the aminium radical were described in the chapter 3. 
 
    Other materials. Tetrabutylammonium tetrafluoroborate and potassium ferricyanide 
were purified by recrystallization. All solvents were purified by distillation just before use. All 
other reagents were used as received. 
    Oxidations. Oxidation of the hyperbranched 
poly(1,2,(4)-phenylenevinyleneanisylamine) 6. A 11.9 mM thianthrene cation radical 
tetrafluoroborate solution (0.208 ml) of the acidic mixture (dichloromethane/trifluoroacetic 
acid (TFA)/trifuluoroacetic anhydride (TFAA) = 97/0.6/2.6 v/v) was slowly added to a 40.9 µl 
TFA solution of the polymer 6 (1.00 mg), and stirred for 5 min. at room temperature. The 
reaction mixture turned from yellow to deep purple due to the newly formed polyradical 1. 
The resulting mixture was transferred to an ESR tube (2 mm quartz), an NMR tube (2 mm 
glass).  
    Oxidation of the trimer model compound 2. A 11.9 mM thianthrene cation radical 
tetrafluoroborate solution (0.271 ml) in an acidic mixture (dichloromethane/TFA/TFAA = 
97/0.6/2.6 v/v) was slowly added to a 53.3 µl TFA solution of 2 (1.00 mg, 3.07 µmol), then 
stirred for 5 min. at room temperature. The reaction mixture turned from yellow to deep 
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purple as the polyradical 2
+
 was produced. The resulting mixture was transferred to an ESR 
tube (2 mm quartz), an NMR tube (2 mm glass), or a diamagnetic capsule for the SQUID 
measurement. 
    Electrochemical measurements 
  The voltammetric investigation was carried out for the samples with 1 mM/radical unit in 
dichloromethane solution of 0.1 M tetrabutylammonium tetrafluoroborate using a BAS 
100B/W electrochemical analyzer (BAS, Inc., Tokyo). A platinum working and Ag/AgCl 
reference electrodes were used. The formal potential of the ferrocene/ferrocenium couple was 
0.43 V vs. this reference electrode. 
    ESR spectroscopy. The ESR spectrum was recorded by a JEOL JES-2XG ESR 
spectrometer. The signal positions were calibrated against an external standard of Mn
2+
/MgO 
(g = 1.981). 
    NMR magnetic susceptibilities measurement. The prepared solution of the radical 2
+
 
or 1 was diluted with the acidic mixture (CH2Cl2/TFA/TFAA = 81/17/2 v/v) to 9.5, 6.3, and 
3.2 mM solution. A slight amount of cyclohexane was added to the radical solution for 
reference. The diluted solution was transferred to a thin NMR tube (2 mm). The thin NMR 
tube was placed in the center of a thick standard NMR tube (a 5 mm glass tube) filled with a 
solution of C6D6 and 2 vol% cyclohexane. The chemical shift of cyclohexane for each 
polyradical solution (9.5, 6.3, and 3.2 mM) was measured. The peak shift was calibrated with 
a blank solution. The χmolT value was calculated from the frequency separation (∆ν) of 
cyclohexane between the internal reference (the radical solution) and the external reference. 
The NMR tube for high temperature measurement was sealed to prevent solvent evaporation.  
    SQUID measurement. The magnetization and static magnetic susceptibility were 
measured by a Quantum Design MPMS-7 SQUID magnetometer. The sample solution was 
transferred to a diamagnetic capsule. The static magnetic susceptibility was measured from 
1.8 to 200 K in 0.5 T field. The magnetization was measured from 0.5 to 7 T at 1.8, 2, 2.5, and 
5 K. The quality of the ferromagnetic impurities and diamagnetic susceptibility of the matrix 
and the capsule were determined by the Honda-Owen and Curie plots, respectively, and were 
subtracted from the measured magnetization. 
    Other measurements. The 
1
H-NMR and 
13
C-NMR spectra were recorded by a JEOL 
NMR 500 Λ. The 1H and 13C chemical shifts were referenced to TMS and the signals in the 
deuterated solvent. The IR, mass, and UV/vis spectra were measured with JASCO FT/IR-410, 
Shimadzu GC-MS 17A, and Jasco V-550 spectrometers. The molecular weight of the polymer 
was measured by GPC using, a Tosoh LS-8000 (polystyrene gel, THF eluent, polystyrene 
calibration). An LC-918 chromatography (Japan Analytical Industry Co.) was used for the 
HPLC separation. 
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5.1  Introduction 
 
 There has been a continuous interest in the synthesis of high-spin organic 
molecules,1,2 because they are expected to be the spin module for forming a magnetically 
active bulk material. A high-spin behavior of the molecules is derived from the spin-alignment 
among the radicals’ unpaired electrons conjugated with the aromatic pathway in a non-Kekulé 
and non-disjoint fashion (or a ferromagnetic connectivity). The 1,3,5-substituted benzene core 
and cyclic molecules have been proposed as a ferromagnetic coupler for the multi-radicals 
and synthesized.3−8 However, these molecules have been obtained via tedious reaction steps 
and/or were difficult to be utilized as a high-spin molecule by extending them to high-spin 
polyradicals. 
 Triphenylene is known as a cyclic and planar pi-conjugated skeleton, and its 
derivatives have been extensively synthesized and studied as discotic liquid crystal molecules 
with functionalities, such as a photoconductive property,9,10 and is a prospective proposal for 
an effective ferromagnetic coupler. Through the planar pi-conjugated skeleton, radicals 
strongly interacted to form a high-spin state at room temperature, and the cyclic structure has 
two pathways for coupling, so that spin defects, which interrupt the strong ferromagnetic 
coupling, are not vital. For example, the hexapentyloxytriphenylene stack showed a charge 
migration with a significantly high mobility along the column. Among the synthetic routes of 
the triphenylene derivatives, 2,6,10-trimethoxy-3,7,11-tris(hexyloxy)triphenylene, from the 
oxidative trimerization of phenylether, is one of the efficient routes to obtain a triphenylene 
with substituent groups on the 2, 6, and 10 positions.  
 For the molecular design of high-spin molecules, the second requisite is a stable 
organic radical species as the spin source. The molecules substituted with the triarylmethane 
radical and phenoxy radical have been studied, however, their high-spin states were observed 
only in a low-temperature range due to the chemical instability of the radical species. 
Chemically stable radical species are desired in such high-spin molecules in order to raise the 
temperature range of the spin-alignment and possibly use them as a molecular-based material. 
From among the list of radical species, the triarylamnium radical is a favorable candidate for 
the spin source which could fulfill the criteria of both a substantial chemical stability even at 
room temperature and a strong spin polarization for spin-alignment. From such a viewpoint, a 
series of oligo-amnium radicals have been synthesized:11−17 However, they often lacked 
stability at room temperature, and the quantitative radical (spin) generation range of these 
polyaryamines was restricted due to the improper substituents and high oxidative potential.  
 This chapter describes a room temperature robust quartet molecule, 
2,6,10-tris(dianisylaminium)-3,7,11-tris(hexyloxy)triphenylene 13+. We selected, for the first 
time, the 2,6,10-substituted triphenylene as a planar and pi-conjugated ferromagnetic coupling 
core for high-spin alignment. The 2,6,10-position of the triphenylene was very appropriate to 
significantly reduce the electrostatic repulsion between the cationic radicals and to align the 
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radical spins, which lead to the chemical stable molecule 13+ with the spin-alignment of S 
(spin quantum number) = 3/2.  
 
 
 
5.2 Synthesis of 2,6,10-tris(dianisylamino)-3,7,11-tris(hexyloxy)triphenylene 
 
 The triphenylene core 3 was prepared by the oxidative trimerization of the 
2-hexyloxyanisole 2 with FeCl3 (Scheme 5.1).
18 The methoxy groups of 3 were converted to 
the trifalates 5 via the selective ether cleavage and the esterification.19 The 
triaminotriphenylene 1 was obtained by coupling of the triflates 5 with dianisylamine in 
presence of Pd2(dba)3 and BINAP.
20, 21 The yields of the trimerization and ether cleavage were 
10 and 75 %, respectively, which were comparable to those previously reported for the 
corresponding reactants, and fairly good for obtaining 1. For the process from 5 to 1, the 
triflate is a good leaving group to be substituted with the dianisylamine by the Pd-coupling. 5 
may be an effective intermediate to yield other radical (phenoxyl, galvinoxyl, nitroxide, and 
nitronyl nitroxide) precursor-substituted triphenylenes. The NMR, IR, and mass spectra of 1 
supported its structure. For example, two singlet signals of the protons and triplet signals of 
the hexyloxy groups on the triphenylene core were ascribed to the symmetrical structure of 1, 
and significantly shifted to a lower magnetic field (8.11, 7.61, and 3.89 ppm) due to the strong 
ring current effect of the triphenylene in comparison with the protons on the diphenylamine 
groups. 
 
 
Scheme 5.1 
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5.3 Electrochemical and chemical oxidation of 2,6,10-tris(dianisylamino)- 
-3,7,11-tris(hexyloxy)triphenylene 
 
 Cyclic voltammetry of the triaminotriphenylene 1 showed characteristic redox waves. 
The first and second oxidation waves were chemically reversible (Figure 5.1). The 
voltammogram was repeatedly recorded 10 times for the potential (on 0−1.0 V) sweeps at 
room temperature. The redox potential was Eº’(1) = 0.60 and Eº’(2) = 0.73 V vs. Ag/AgCl, 
and ascribed to the one- and two-electron processes, respectively, also based on the 
differential pulse voltammetry of 1 (0.59 and 0.68 V, respectively). However, the third 
oxidation wave at Eº’(3) = 1.30 V (1.25 V in the differential pulse voltammetry) was probably 
ascribed to over-oxidation of the aminium cation or oxidation of the triphenylene core. 
Controlled potential coulometry was carried out on the 1 solution at 0.90 V (Inset of Figure 
5.1), which quantitatively supported the tri-equivalent (three-electrons) oxidation of 1 at the 
given potential. 
 
Figure 5.1. Cyclic and differential pulse voltammogram of 
1 (0.33 mM) in CH2Cl2 with 0.1 M (C4H9)4NBF4 at room 
temperature, and 50 mVs-1 scan rate. Inset (a): Repeatedly 
recorded voltammogram of 1 in the potential range of 
0−1.0V. Inset (b): Controlled potential coulometry at 0.9 V 
for 1 (1.67 × 10-6 mol) at room temperature in CH2Cl2 with 
0.1 M(C4H9)4NBF4. Potential vs. Ag/AgCl. 
 
 The CH2Cl2 solution of the triaminotriphenylene 1 was electrochemically oxidized at 
the applied potential of 0.9 or 1.5 V, and the reaction was monitored by in situ UV/vis and 
ESR spectroscopies. The UV/vis absorption (λmax = 270, 343 nm) of the starting ESR-silent 1 
decreased under the applied potential of 0.9 V, and new absorptions appeared at 442 and 782 
nm with isoberic points at 276 and 365 nm (Figure 5.2 (b)). These absorptions fairly agreed 
with those of a triarylaminium radical. Upon the initial oxidation, the ESR showed a 3-line 
absorption spectrum with g = 2.0031, indicating the generation of a nitrogen-centered radical. 
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The ESR spectrum changed to a strong unimodal signal attributed to a high concentration 
with the applied time. These results indicated that the triamino triphenylene 1 was oxidized to 
the aminium radical at 0.9 V, and the radical was chemically stable in CH2Cl2 at room 
temperature. 
 On the other hand, the absorption spectrum of the aminium radical disappeared at the 
applied potential of 1.5 V, and a new absorption appeared at 540 nm with isoberic points at 
329, 457, and 643 nm. This spectrum resembled that of a dicationic phenylenediamine. The 
ESR absorption completely disappeared at the applied potential of 1.5 V. These results 
suggested the over-oxidation of 13+ to an ESR-silent cationic state. These electrochemical 
measurements indicated that the triaminium triphenylene 13+ was generated at the applied 
potential of 0.9 V vs. Ag/AgCl. 
 
 
Figure 5.2. Electrolytic UV/vis spectrum of 1 
(0.03 mM) in CH2Cl2 with 0.1 M (C4H9)4NBF4 at 
room temperature: (a) at the given potential of 
0.9 V, (b) oxidized at 1.5 V vs. Ag/AgCl. 
 
 Based on the electrochemical oxidation result, AgBF4 (Eº’ = 0.65 vs. ferrocene in 
CH2Cl2
22) was selected as the oxidizing agent of 1 to 13+. AgBF4 is also characterized by its 
counter anion that possibly stabilizes the favored aminium radical.  The triamino 
triphenylene 1 was treated with an equimolar amount of AgBF4 solubilized in the acidic 
mixture of trifluoroacetic acid, trifluoro anhydride, and CH2Cl2 (vol 0.25/0.25/99.5). Upon 
oxidation, the solution turned a deep green, and the ESR spectrum gave a strong unimodal 
signal (g = 2.003). The half-life of the l3+ was estimated by the ESR signal intensity to be 1.2 
months at room temperature. The ESR at 100 K gave a quartet signal with a D value of 
0.0022 cm-1. Its D value, which is similar to that (0.0026 cm-1) observed for the m-phenylene 
analogue, the 1,3,5-tris(triphenylenediamino)benzene triradical trication.13 
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5.4 Magnetic measurements of 2,6,10-tris(dianisylaminium)-3,7,11- tris(hexyloxy)- 
triphenylene 
 
 The magnetization and static magnetic susceptibility of the triaminium triphenylene 
1
3+ in the frozen acidic CH2Cl2 were measured by SQUID. The magnetization normalized 
with the saturated magnetization (M/Ms) vs. the ratio of magnetic field and temperature (H/(T 
- θ)) plots for the 13+ with a spin concentration (per the amine residue) of 0.923 were very 
close to the theoretical Brillouin curve for S = 3/2, indicating the quartet state of the 13+. The 
ratio of the effective magnetic moment (µeff) and the Bohr magneton (µB), µeff/GµB, vs. 
temperature plots are shown in the inset of Figure 5.3. The µeff/µB values of 1
3+ was almost 
constant in the range of 20−150 K and agreed with the theoretical value of 3.87 for S = 3/2.24 
These SQUID data indicated that the aminium triphenylene 13+ is in a quartet ground state 
with a large multiplet-singlet gap or a very strong spin-exchange interaction between the 
unpaired electrons for 13+ (however, it does not rule out the possibly of a generated 
singlet-multiplet state) in the range of 20-150 K.   
 
Figure 5.3. Normalized plots of magnetization 
(M/Ms) vs the ratio of the magnetic field and 
temperature (H/(T−θ)) for the triaminium 
triphenylene radical 13+ with a spin concentration 
of 0.90 in CF3COOH/ (CF3CO)2O/ CH2Cl2 
(0.25/0.25/99.5 vol %) at T = 2.5 (●), 3 (○), and 5 
( □ ) K and theoretical Brillouin curves 
corresponding to the S = 2/2, 3/2, and 4/2. Inset: 
µeff/GµB vs. T plots for the triaminium triphenylene 
1
3+ with a spin concentration of 0.90.  
 
 The magnetic susceptibility of 13+ was also measured by the NMR shift method and 
Evans equation in the acidic CD2Cl2 solution at high temperature. The susceptibility was 
estimated from the peak shift for a concentration series of the standard peak of cyclohexane in 
the deutrated C6D6 solution. The µeff/GµB value at 297 K was 3.78 (3.87 for the theoretical 
value of S = 3/2) and constant up to 333 K (60ºC).25 These results revealed that a quartet state 
is stable even at room temperature. 
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Concn. (mM) Chemical shift a) (ppm)
2.38
1.58
0.79
0
µeff/µB
0.0792
0.0593
0.0497
0.0196
3.78
Table 5.1 Magnetic susceptibilities of the triaminium 
triphenylene 13+ at room temperature.
a)  The aminium triphenylene 13+ was measured in 
mixed solvent (CH2Cl2/ TFA/ TFAA = 99.5/0.25 /0.25 
v/v) with 0.1 vol% cyclohexane at 25.5 ℃.
Temp. (℃) Chemical shift b) (ppm)
30
40
50
60
0.0382
0.0385
0.0373
0.0391
Table 5.2 Temperature dependence of magnetic 
susceptibilities of he triaminium triphenylene 13+a)
a) The aminium triphenylene was measured in mixed solvent 
solvent (CH2Cl2/ TFA/ TFAA = 99.5/0.25 /0.25 v/v) with 0.1 
vol% cyclohexane. b) Chemial shifts were calibrated by 
blank solution (CH2Cl2/ TFA/ TFAA = 99.5/0.25 /0.25 v/v) 
with 0.1 vol %.
µeff/µB
3.73
3.81
3.81
3.96
 
 
 In summary, three aminium radicals substituted on the 2,6,10-triphenylene in 13+ 
were strongly coupled through the pi-conjugated triphenylene core to be a quartet molecule 
even at room temperature. This quartet molecule is expected to be an effective molecule 
forming a high-spin polyradical and a high-spin liquid crystal.  
 
 
5.5  Experimental Section 
 
 Materials. 2,6,10-Trimethoxy-3,7,11-tris(hexyloxy)triphenylene and 
2,6,10-trihydroxy-3,7,11-tris(hexyloxy)triphenylene  were prepared according to the 
literature.1 The other reagents were used as received. The solvents were purified in the usual 
manners. 
     2,6,10-Tris(trifluoromethanesulfonyl)-3,7,11-tris(hexyloxy)triphenylene. To a 
solution of 2,6,10-trihydroxy-3,7,11-tris(hexyloxy)triphenylene (500 mg, 8.67 × 10-4 mol) in 
pyridine (5 ml),  trifluoromethanesulfonic anhydride (0.86 ml, 1.47 g, 5.2 × 10-3 mol) was 
slowly added at 0 °C, and stirred for 5 min. The mixture was warmed to room temperature 
and stirred 24 h. The resulting mixture was poured into dilute aqueous hydrochloric acid and 
extracted with chloroform. The extract was washed with water, dried, evaporated. and then 
purified by silica gel column separation using hexane-CHCl3 (2 : 1) to give 
2,6,10-tris(trifluoromethanesulfonyl)-3,7,11-tris(hexyloxy)triphenylene (628 mg, Yield 
75 %) : IR (KBr pellet): 3585 (νC-H), 2958 (νC-H), 1726 (νC-F) and 1209 (νC-H); 1H-NMR 
(CDCl3, 500 MHz) δ = 8.08 (s, 3H, ArH), 7.62 (s, 3H, ArH), 4.26 (t, 6H, ArOCH2), 1.97-1.42 
(m, 24H, CH2), and 0.95 (m, 9H, CH3); 
13C-NMR (CDCl3)δ = 150.65, 138.70, 130.05, 121.27, 
117.48, 106.12, 69.58, 31.56, 28.90, 25.47, 22.56, and 13.99; Ms m/z 972.1 (M+). Found: C, 
48.48; H, 4.63 %. Calcd for C14H13NO2; C, 48.14; H, 4.66 % 
    2,6,10-Tris(p-dianisylamino)-3,7,11-tris(hexyloxy)triphenylene. 2,6,10-Tris(trifluoro- 
methanesulfonyl)-3,7,11-tris(hexyloxy)triphenylene. (50.0 mg, 5.14 × 10-5 mol), 
p-dianisylamine (38.8 mg, 1.69 × 10-4 mol), Pd2(OAc)2 (1.70 mg, 7.70 × 10
-6 mol), BINAP 
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(7.2 mg, 1.16 × 10-5 mol), Cs2CO3 (69.7 mg, 2.16 × 10
-4 mol), and toluene (0.6 ml) were 
placed in a 5 ml ampoule. The ampoule was degassed by attachment to a vacuum line and 
then sealed. The mixture was heated to 100 °C for 4 days with stirring. After cooling, the 
ampoule was opened. The mixture was poured into dilute aqueous ammonia and extracted 
with chloroform. The extract was washed with water, dried, evaporated, and then purified by 
silica gel column separation with hexane-CHCl3 (5:1) to give a yellow powder of 
2,6,10-tris(p-dianisylamino)-3,7,11-tris(hexyloxy)triphenylene (32.3 mg, Yield 52 %) : IR 
(KBr pellet): 1576 (νC=O), 1324 (νC-N), 1246 (νC-O-C), and 1028 cm
-1 (νC-O-C); 
1H-NMR 
(CDCl3, 500 MHz) δ = 8.11 (s, 3H, ArH), 7.61 (s, 3H, ArH), 6.98 (d, 12H, J = 9H, ArH), 6.76 
(d, 12H, J = 9H, ArH), 3.89 (t, 6H, ArOCH2), 3.76 (s, 18H, ArOCH3), 1.46-1.07 (m, 24H, 
CH2), and 0.84 (t, 9H, CH3); 
13C-NMR (CDCl3)δ = 154.57, 154.38, 142.15, 136.33, 127.58, 
123.19, 123.06, 123.04, 114.18, 106.44, 68.46, 55.50, 31.53, 29.03, 25.37, 22.44, and 14.05; 
Ms m/z 1209.9 (M+). Found: C, 75.96; H, 7.11; N, 2.96 %. Calcd for C21H16BrNO3: C, 77.39; 
H, 7.24; N, 3.47 %. 
     Cyclic voltammetry, differential pulse volttametry, and controlled potential 
coulometry. Cyclic voltammetry and differential pulse voltammetry were recorded for the 
0.33 mM 1 in the 0.1 M tetrabutylammonium tetrafluoroborate-CH2Cl2 solution using a BAS 
100B/W electrochemical analyzer (Bioanalytical Systems, Inc., USA). The working electrode, 
the counter electrode, and the reference electrode with a platinum disk, a platinum wire, and a 
saturated Ag/AgCl calibrated vs. a ferrocene couple, respectively. During the coulometry, 
triaminium triphenylene (1.67 × 10-6 mol) was oxidized in 0.1 M tetrabutylammonium 
terafluoroborate dichloromethane solution, and a platinum gauze electrode was used as the 
working electrode. 
     Electrolytic ESR and UV/vis 0.33 and 0.03 mM 1 in the CH2Cl2 solution containing 
0.1 M (C4H9)4NBF4 was oxidized with a platinum gauze (100 mesh) electrode at a given 
potential using a potentiogalvanostat NPGS-301 (Nikko Keisoku Co., Kanagawa). The ESR 
and UV/vis spectra were recorded by a JEOL JES-2XG ESR spectrometer and a JASCO 
V-550 UV/vis spectrophotometer. The ESR signal was calibrated with an external standard of 
Mn2+/MgO (g = 1.981). 
     Oxidation of the triamino triphenylene. In the glove box filled with N2, the triamino 
triphenylene (1 mg, 8.27 × 10-7 mol) was added to a vial and dissolved in CH2Cl2 (43.0 µl). In 
another vial, silver tetrafluoroborate (28.8 mg, 1.48 × 10-6 mol) was dissolved in a mixed 
solvent (10.0 ml) (CH2Cl2/ trifluoroacetic acid (TFA)/ trifluoroacetic anhydride (TFAA) = 
99.5/0.25/0.25 v/v).  The silver tetrafluoroborate solution was added dropwise to the 
substrate with stirring. The mixture was then stirred for 5 minutes at r.t..  
     ESR spectroscopy. The ESR spectrum was recorded using a JEOL JES-2XG ESR 
spectrometer. The signal positions were calibrated against an external standard of Mn2+/MgO 
(g = 1.981). For the ESR spectra at low temperature, the solution was diluted to 0.0238 mM 
with CH2Cl2. 
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     SQUID Measurement. The magnetization and static magnetic susceptibility were 
measured by a Quantum Design MPMS-7 SQUID magnetometer. The static magnetic 
susceptibility was measured from 1.8 to 200 K in a 0.5 T field. The magnetization  was 
measured from 0.5 to 7 T at 2.5, 3, and 5 K. Ferromagnetic impurities and diamagnetic 
susceptibility of the matrix and the capsule were determined by the Honda-Owen and Curie 
plots, respectively, and were subtracted from the measured magnetization. 
     NMR Magnetic susceptibilities measurement. Thin NMR tubes filled with the 2 
vol% cyclohexane-mixed sample solution was placed in the center of a thick standard NMR 
tube (a 5 mmφ glass tube) which was filled with a mixture of the deutrated solvent C6D6 and 
cyclohexane for the external reference, and the NMR spectrum was recorded at 499.10 MHz 
using a JEOL NMR 500 Λ spectrometer. The chemical shift of the cyclohexane was measured, 
and the magnetic susceptibility was calculated based on the Evans equation from ∆ν, which is 
the frequency separation of cyclohexane between those of the internal sample solution and the 
external reference for the radical solutions at concentrations of 2.38, 1.58, 0.79, and 0 mM. 
The accuracy of these methods was confirmed by measurement of Cr(acac)3, in which the 
solution composition and concentration were equivalent to the other measurements (the 
external reference: C6D6 containing 2 vol% cyclohexane, the internal reference: the mixed 
solution (CH2Cl2/trifluoroacetic acid/trifluoroacetic anhydride = 99.5/0.25/0.25 v/v) 
containing 2 vol% cyclohexane). 
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6.1  Introduction 
 
 A large number of high-spin molecules and polymers have been synthesized as 
possibly candidates for a purely organic-derived magnetic material in the past two decades.1−4 
These high-spin molecules are designed to satisfy a pi-conjugated, but non-Kekulé and 
non-disjoint connectivity5 among the multiple radical sites or nonbonding molecular orbitals 
of the unpaired electrons, which realizes a strong through-bond ferromagnetic exchange 
interaction.6−13  
 Recently, branched, cyclic, and cross-linked or networked polyradicals based on this 
molecular designing have been reported to provide multi-dimensional spin-exchange 
interaction.6, 14−15 For example, Rajca et al. synthesized two-dimensionally 
dendritic-macrocyclic poly(1,3-phenylenephenylmethine)s with a magnetic ordering and a 
huge magnetic moment corresponding to S (spin quantum number) > 5000.16 However, the 
triarylmethane radicals could not be treated below 200 K. Chemically stable radical sources 
and effective ferromagnetic couplers are important requisites in such a network high-spin 
polyradical to raise the temperature range of magnetic ordering and possibly provide a 
molecular-based purely organic magnetic material.  
 The aryl aminium radicals are attractive radical spin sources satisfying a substantial 
chemical stability even at room temperature and large spin-delocalization. A series of amnium 
polyradicals have been synthesized and their magnetic properties were discussed.14, 15, 17−23 
However, their spin-alignment was restricted because of instability, high oxidative potential, 
and week magnetic interaction of polyarylamines. In the chapter 5, we reported the synthesis 
2,6,10-tris(dianisylaminium)-3,7,11-tris(hexyloxy)triphenylene, which was chemically stable 
with a half-life > 1 month and behaved as a quartet molecule even at room temperature. In 
this molecule, three chemically stable aminium radicals generated at low oxidation potential 
effectively interacted through planner 2,6,10-triphenylene coupler to be quartet state at room 
temperature. Based on this study, a pseudo-two-dimensionally extended aminium polyradical, 
which are aryl aminium radicals cross-linked with trisubstituted 2,6,10-triphenylene coupler, 
will be a high-spin polymer with a large magnetic moment, in which aminium radicals will 
interact multi-dimensionally through trisubstituted triphenylene coupler.  
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 In this chapter, we prepared pseudo-two-dimensional 
poly(anisylaminiumtriphenylene) 1 based on the pi-conjugated, but non-Kekulé and 
non-disjoint fashion. The aminium polyradical 1 was synthesized from copolymerization of 
triaminotriphenylene 5 and tribromotriphenylene 7 and the subsequent chemical oxidation. 
The yielded polyradical 1 was soluble in common solvents and durable under ambient 
conditions. The high-spin state over S = 5 was proven by SQUID magnetization measurement. 
 
6.2  Synthesis of pseudo-two-dimensional poly(anisylaminotripheylene) 
 
   The precursor polymer, pseudo-two-dimensional poly(aminotriphenylene) 2, was 
synthesized from copolymerization of triaminotriphenylene 5 and tribromotriphenylene 7. 
The triaminotriphenylene 5 was prepared from coupling of the 
2,6,10-tris(trifluoromethanesulfonyl)-3,7,11-tris(hexyloxy)triphenylene 4 and the p-anisidine 
with Pd2(dba)3 and BINAP as the catalyst and ligand.
24 The tribromotriphenylene 7 was also 
synthesized form tris(trifluoromethanesulfonyl)tripehnylene 4. The 
tris(trifluoromethanesulfonyl)tripehnylene 4 was reduced to the tris(hexyloxy)triphenylene 6 
with triethylsilane in the presence of Pd-catalyst, and the tris(hexyloxy)triphenylene 6 was 
brominated in CH2Cl2 to the tribromotriphenylene 7. The triaminotriphenylene 5 and the 
tribromotriphenylene 7 were copolymerized to the polymer in toluene 100 ºC for 3 days with 
Pd-catalyst. The palladium(I) tri-tert-butylphosphine bromide dimmer catalyst, 
[Pd2(µ-Br)(t-Bu3P)],
25 and copolymerization with feed molecular ration of [5]/[7] = 1.5 gave 
high weight polymer (Mn = 9600). The terminal amino groups of the yielded polymer 3 were 
end-capped by reacting with an excess of p-bromoanisole to give the polymer 2, to avoid 
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all side reactions of the amino groups in the following radical generation. The end-capped 
polymer 2 was characterized by lH-NMR, IR, and MALDI-TOF mass. In 1H-NMR, the 
disappearance of the proton peaks attributed to the secondary amines indicated quantitative 
end-capping reaction. The four broadening signals in the range of 6.5−8.5 ppm ascribed to 
triphenylene and anisyl groups indicated formation of triarylamine structure. The IR and 
MALDI-TOF mass spectra gave also the peaks attributed to the end-capped polyamine. The 
polymer 2 was a yellow powder and quite soluble in the common solvents such as benzene, 
CHCl3, and THF. 
 
6.3 Electrochemical and chemical oxidation of pseudo-two-dimensional 
poly(anisylaminotripheylene) 
 
 Cyclic voltammetry of 2 in CH2Cl2 showed characteristic redox waves. The first 
oxidation wave at 0.83 V vs Ag/AgCl were chemically reversible, and the second oxidation 
wave at 1.42 V was irreversible. Differential pulse voltammetry of 2 also displayed two 
oxidation waves with 0.80 and 1.35 V vs Ag/AgCl and indicated CV measurement. This redox 
process was similar with that of the 
2,6,10-tris(dianisylaminium)-3,7,11-tris(hexyloxy)triphenylene. 
 
Figure 6.1. Cyclic voltammogram and differential pulse 
voltammogram of the polymer 2 and 
tris(dianisylamino)-tris(hexyloxy)triphenylene (1 mM) in 
CH2Cl2 with 0.1 M (C4H9)4NBF4 at room temperature, at 50 
mVs-1 scan rate. 
 
 The 2 was oxidized electrochemically at controlled potential at 1.0 and 1.4 V in 
CH2Cl2 at room temperature. The oxidation process was monitored by UV/vis and ESR 
spectrum. The absorption spectra change indicated two oxidation states of the 
poly(aminotriphenylene) 2 at each potentials. The UV/vis absorption spectra (λmax = 270, 335 
nm) ascribed to the neutral amine were decreased and new bands appeared at 444 and 782 nm 
with isoberic points at 365 nm under the given potential of 1.0 V. The ESR spectrum appeared 
a 3-line signal with g = 2.0031 attributed to a nitrogen-centered radical. The ESR spectrum 
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changed to a strong unimodal signal with the applied time. These spectra were fairly similar 
to those of triarylaminium radicals, and indicated that the polymer was oxidized to the 
chemically stable aminium radical at 1.0 V. Under the applied potential of 1.4 V, absorption 
spectra of aminium radicals were disappeared, and new spectra appeared at 555 nm with 
isoberic points at 329, 457, and 643 nm. The ESR absorption ascribed to aminium radical was 
also completely disappeared under the applied potential of 1.4 V. These spectra suggested the 
over-oxidation of aminium radical to a bication and the generation of carbazole. These 
electrochemical measurements indicated that aminium polyradical was generated less than 1.0 
V. 
 
Figure 6.2 Electrolytic UV/vis spectrum of 2 
(0.1 mM) in CH2Cl2 with 0.1 M (C4H9)4NBF4 at 
room temperature: (a) oxidized at 0.9 V, (b) 
oxidized at 1.5 V vs Ag/AgCl. 
 
 A silver tetrafluoroborate (AgBF4) was selected as the oxidizing agent for the radical 
generation of the polymer 2. The AgBF4, Eº’ = 0.65 vs Fc in CH2Cl2,
26, 27 does not oxidize the 
aminium radical to over-oxidation state and stabilize the aminium radical with counter anion. 
The polymer 2 was oxidized to aminium polyradical 1 with the excess of AgBF4 solubilized 
in the acidic mixture of trifluoroacetic acid, trifluoro anhydride, and CH2Cl2 (vol 
4.75/0.25/95). The solution turned deep green, and the ESR spectrum gave a strong unimodal 
signal (g = 2.003). Half-life of the aminium polyradical 1 was estimated by the ESR signal 
intensity to be 2 weeks at room temperature. 
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6.4 Magnetic measurements of pseudo-two-dimensional   poly(anisylaminium- 
tripheylene) 
 
 The magnetization and static magnetic susceptibility of the aminium polyradical 1 in 
the frozen acidic CH2Cl2 solution were measured by SQUID. The magnetization normalized 
with saturated magnetization (M/Ms) vs the ratio of magnetic field and temperature (H/(T - θ)) 
plots for the 1 with a spin concentration of 90 %.28 The χmolT vs T plots increased below 70 K, 
and the values in the range of 70−180 K were almost constant at ca. 0.63 (theoretical value of 
S = 3/2 is 0.625) (Fig. 6.3).29 This result indicated that the spin-interaction exchange through 
the triarylaminium bridge is weaker than that through triphenylene skeleton. The 
susceptibilities increased with molecular weight of the polyradical, and the values of the 
polyradical 1 with Mn = 14,000 at 4 K was 1.73 (the theoretical value of 1.75 for S = 6). The 
χmolT vs T plots were measured in the range of 500−5000 G (Fig. 6.4). The χT values were 
highly field-dependent. For the smallest applied field, 500 G, χT reached maximum of 2.79 
(the theoretical value of 1.75 for S = 10). Through-space anti-ferromagnetic between aminium 
radical was suppressed in low-field measurement. These result indicated the strong interacted 
through planner triphenylene skeleton and relatively weak interaction between triphenylene 
units connected with aminium radical. 
      
 
 
 
 
 
 In summary, the pseudo-two-dimensional poly(anisylaminiumtriphenylene) with the 
molecular weight (Mn) of 14,000 was chemically stable and behaved as a high-spin (S = 10) 
polyradical at 1.8 K based on the SQUID measurement. In this aminium polyradical, two 
through-bond interactions aligned the radical spins. One is an interaction between 
triphenylene skeleton, and the other is that on triphenylene skeleton. Below 70 K, χmolT vs T 
values decreased to 0.625 due to distortion of pi-conjugated structure between triphenylene 
structures. On the other hand, spin-alignment of three aminium radicals on triphenylene 
structure maintained even at 170 K due to the strong interaction on the triphenylene skeleton. 
Figure 6.3 χmolΤ vs T plots in 5000 G for the 
poly(aminiumtriphenylene) 1 with Mn = 14,000 
and spin concentration = 0.90 (○), 1 with Mn = 
5,900 and spin concentration = 0.97 (□), and the 
2,6,10-tris(dianisylaminium)-3,7,11-tris(hexyloxy)
triphenylene (△) with spin concentration = 0.95.  
 
Figure 6.4 χmolΤ vs T plots for the 
poly(aminiumtriphenylene) 1 with Mn = 14,000 
and spin concentration = 0.95 in applied field of 
500 (○), 1000 (•), 2500 (□), 5000 G (■).  
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6.5  Experimental Section 
     
    2,6,10-Tris(dianisylamino)-3,7,11-tris(hexyloxy)triphenylene. 2,6,10-Tris(trifluoro- 
methanesulfonyl)-3,7,11-tris(hexyloxy)triphenylene (1.00 g, 1.03 mmol), p-anisidine (760 mg, 
6.18 mmol), Pd(OAc)2 (OAc: acetate) (34.8 mg, 0.155 mmol), BINAP: 
2,2'-bis(diphenylphosphino)-1,1'-binaphthalene (144 mg, 0.232 mmol), Cs2CO3 (1.41 g,  
4.33 mmol), and toluene (6.18 ml) were placed in a 10 ml ampoule. The ampoule was 
degassed and sealed. The mixture was heated to 100°C for 36 hr, poured into dilute aqueous 
ammonia, and extracted with chloroform. The extract was washed with water, dried, 
evaporated, and then purified by a silica gel column separation with hexane/CHCl3 (1 / 1) as 
the eluent. The recrystallization from hexane-CHCl3 gave an white solid of 
2,6,10-tris(dianisylamino)-3,7,11-tris(hexyloxy)triphenylene (676 mg, yield 74 %): mp = 0°C; 
IR (KBr pellet): 3419 (νN-H), 2925 (νC-N); 
1H-NMR (CDCl3, 500 MHz) δ = 8.63 (s, 3H, ArH), 
7.99 (s, 3H, ArH), 7.24 (d, 6H, ArH), 6.83 (d, 6H, ArH), 6.40 (s, 3H, NH), 3.85 (t, 6H, 
ArOCH2-), 3.40 (s, 9H, OCH3), 1.63 (m, 6H, -CH2-), 1.31-1.21 (m, 18H, -CH2-), 0.90 (m, 9H, 
-CH3); 
13C-NMR (CDCl3)δ = 155.9, 147.4, 136.3, 135.0, 124.9, 122.8, 122.6, 115.1, 105.6, 
105.2, 68.6, 55.1, 31.9, 29.5, 26.1, 23.0, 14.2; Mass: calcd for M 892.2, found (m/z) 891 (M+). 
Found: C, 76.9; H, 7.5; N, 4.6 %. Calcd for C57H69N3O6; C, 76.7; H, 7.8; N, 4.7 % 
    2,6,10-Tris(hexyloxy)triphenylene. Forrmic acid (851 mg, 18.5 mmol) was added to a 
30.8 ml dimethylformamide solution of 
2,6,10-Tris(trifluoromethanesulfonyl)-3,7,11-tris(hexyloxy)triphenylene (3.00 g, 3.09 mmol), 
Pd(OAc)2 (62.3 mg, 0.278 mmol), triphenylphosphine (182 mg, 0.694 mmol), 
triethylamine(5.13 g,  27.7 mmol) at 60°C under N2, and stirred for 1 hr. The mixture was 
neutralized with dilute aqueous HCl. The extract was washed with water, dried, evaporated, 
and then purified by a silica gel column separation using hexane/CHCl3 (1 / 1) as the eluent. 
Recrystallization from hexane-CHCl3 gave a white solid of 2,6,10-tris(hexyloxy)triphenylene 
(1.75 g, yield 99 %): mp = 00°C; IR (KBr pellet): 1248 (νC-O-C), 1028 cm
-1 (νC-O-C); 
1H-NMR 
(CDCl3, 500 MHz) δ = 8.41 (d, 3H, ArH), 7.91 (s, 3H, ArH), 7.17 (d, 3H, ArH), 4.17 (t, 6H, 
ArOCH2-), 1.91 (m, 6H, -CH2-), 1.54 (m, 6H, -CH2-), 1.40 (m, 12H, -CH2-), 0.93 (m, 9H, 
-CH3); 
13C-NMR (CDCl3)δ = 158.6, 131.8, 124.8, 122.4, 115.0, 105.9, 68.2, 31.7, 29.4, 25.8, 
22.6, 14.0; Mass: calcd for M 528.4, found (m/z) 528 (M+). Found: C, 81.8; H, 9.0 %. Calcd 
for C36H48O3: C, 81.8; H, 9.2 %. 
  2,6,10-Tribromo-3,7,11-tris(hexyloxy)triphenylene. A 102 ml CH2Cl2 solution of 
bromine (1.63 g, 10.2 ml) was added dropwise to a 30.8 ml CH2Cl2 solution of 
2,6,10-tris(hexyloxy)triphenylene (3.00 g, 3.09 mmol) at 0°C, and stirred for 2 hr. The 
mixture was quenched with sodium thiosulfate and extracted with chloroform. The extract 
was washed with water, dried, evaporated, and then purified by a silica gel column separation 
using CHCl3 as the eluent. Recrystallization from hexane-CHCl3 gave a white solid of 
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2,6,10-tribromo-3,7,11-tris(hexyloxy)triphenylene (2.16 g, yield 91 %): mp = 00°C; IR (KBr 
pellet): 1245 (νC-O-C), 1026 cm
-1 (νC-O-C); 
1H-NMR (CDCl3, 500 MHz) δ = 8.03 (s, 3H, ArH), 
7.12 (s, 3H, ArH), 4.09 (t, 6H, ArOCH2-), 1.96 (m, 6H, -CH2-), 1.61 (m, 6H, -CH2-), 1.44 (m, 
12H, -CH2-), 0.97 (m, 9H, -CH3); 
13C-NMR (CDCl3)δ = 154.3, 129.0, 127.3, 123.3, 111.9, 
104.2, 69.1, 31.7, 29.2, 25.7, 22.7, 14.1; Mass: calcd for M 765.5, found (m/z) 765 (M+). 
Found: C, 56.7; H, 6.0 %. Calcd for C36H45Br3O3: C, 56.5; H, 5.9; %. 
  Pseudo-two-dimensional poly(anisylaminotriphenylene) (2). 
2,6,10-Tris(dianisylamino)-3,7,11-tris(hexyloxy)triphenylene (45.9 mg, 60.0 µmol), 
2,6,10-tribromo-3,7,11-tris(hexyloxy)triphenylene (80.3 mg, 90.0 µmol), [Pd2(µ-Br)(t-Bu3P)] 
(2.80 mg, 3.6 µmol), NaOtBu (25.9 mg, 270 µmol), and toluene (1.00 ml) were placed in a 10 
ml ampoule. The ampoule was degassed and sealed. The mixture was heated to 100°C for 72 
hr. The CHCl3 soluble part was purified using a polystyrene gel column. Reprecipitation from 
the chloroform solution into methanol, and freeze-drying produced a yellow powder of 
pseudo-two-dimensional poly(anisylaminotriphenylene)  (99 mg yield 78 wt%): IR (KBr 
pellet): 3419 (νN-H), 2858 (νC-N), 2929 cm
-1 (νC-N); 
1H-NMR (CDCl3, 500M Hz) δ = 8.72−7.92 
(m, ArH), 7.20 (m, ArH), 6.76 (m, ArH), 6.18 (br, NH), 4.01 (m, OCH2-), 3.86 (m, OCH3), 
1.51-0.80 (m, -CH2); Mn = 9700, Mw/Mn = 2.6; 
p-Bromo anisole (312 mg, 1.67 mmol) was mixed with  poly(anisylaminotriphenylene) 
(80 mg), [Pd2(µ-Br)(t-Bu3P)] (7.77 mg, 9.99
 µmol), NaOtBu (240 mg, 2.50 mmol), and 
toluene (1.67 ml), and then heated to 100°C for 48 hr. The CHCl3 soluble mixture was 
purified by a polystyrene gel column. Reprecipitation from the chloroform solution into 
methanol, and freeze-drying produced a yellow powder of the end-capped 
poly(anisylaminotriphenylene) (2) (79.7 mg, yield 90 wt%) : IR (KBr pellet): 2858 (νC-N), 
2929 cm-1 (νC-N); 
1H-NMR (CDCl3, 500M Hz) δ = 8.46−7.62 (m, ArH), 7.01 (m, ArH), 6.52 
(m, ArH), 3.56 (m, OCH2-), 3.35 (m, OCH3), 1.21-0.45 (m, -CH2); Mn = 12000, Mw/Mn = 2.3; 
 
  Preparation of the Polyradical. The silver tetrafluoroborate (111 mg, 571 µmol) was 
dissolved in the mixed solvent (10.0 ml) of CH2Cl2/trifluoroacetic acid/trifuluoroacetic 
anhydride = 98.5/1.25/0.25 v/v. The solution was dropped into the CH2Cl2 (74.0 µl) solution 
of the polymer 2 (1.0 mg, 2.08 µmol), and stirred for 5 min at room temperature (the resultant 
solution composition: CH2Cl2/ trifluoroacetic acid/trifluoroacetic anhydride = 98.8/1.0/0.2 
v/v).  
  Cyclic and Differential Pulse Voltammetry. Cyclic voltammetry and differential pulse 
voltammetry were recorded for the 1 mM 2 in the 0.1 M tetrabutylammonium 
tetrafluoroborate-CH2Cl2 solution using a BAS 100B/W electrochemical analyzer 
(Bioanalytical Systems, Inc., USA). The working electrode, the counter electrode, and the 
reference electrode with a platinum disk, a platinum wire, and a saturated Ag/AgCl calibrated 
vs. a ferrocene couple, respectively. 
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  Electrolytic ESR and UV/vis. The polymer 2 in CH2Cl2 (0.1 mM) with 0.1 M 
(C4H9)4NBF4 was oxidized at controlled potentials using NIKKO KEISOKU 
POTENTIOGALVANOSTAT NPGS-301. The ESR and UV/vis spectrum were recorded by 
JEOL JES-2XG ESR spectrometer and JASCO V-550 UV/vis spectrophotometer. 
  SQUID Measurement. The magnetization and static magnetic susceptibility were 
measured by a Quantum Design MPMS-7 SQUID magnetometer. The static magnetic 
susceptibility was measured from 1.8 to 170 K in a 0.5 T field. The magnetization  was 
measured from 0.5 to 7 T at 1.8, 2, 2.5, 5 K. Ferromagnetic impurities and diamagnetic 
susceptibility of the matrix and the capsule were determined by the Honda-Owen and Curie 
plots, respectively, and were subtracted from the measured magnetization. 
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7.1  Conclusion 
 
 In this thesis, the author described the design and synthesis of durable high-spin 
polyradicals based on pi-conjugated polymers. In this chapter, the characteristics of these 
high-spin polymers and important conclusions derived from this study are summarized.   
 The pseudo-two-dimensional polyradicals bearing chemically stable radicals were 
synthesized to realize a spin-alignment even at room temperature. The structure of the 
dendritic, hyperbranched, and networked polymers provided pseudo-two-dimensional 
connectivities among the radical sites. The pseudo-two-dimensional polyradicals were 
chemically stable and behaved as high-spin molecules at room temperature. Chapters 2 to 5 
presented the synthesis of the pseudo-two-dimensionally extended polyradicals bearing 
chemically stable radicals, such as the aminium and Glvinoxyl radicals, and proved the 
spin-alignment even at room temperature. 
 In chapter 2, a series of triphenylmethanes terminated with (a) hydrogalvinoxyl(s), 
bis(4-tert-butylphenyl)-(4-hydrogalvinoxylphenyl)methoxymethane, tris(4-hydrogalvinoxyl- 
phenyl)methoxymethane, and tris{4-[bis(4-hydrogalvinoxylphenyl)methoxymethyl]phenyl}- 
methoxymethane, were prepared and oxidized to the corresponding galvinoxyl radicals, which 
have one, three, and six galvinoxyl radical(s), respectively. Chemical reduction of the 
galvinoxyl radicals with a Na/K alloy gave stable intermediates, i.e., the tetraanion, decaanion, 
and docosaanion. The tetraanion was oxidized with an equimolar amount of iodine at ca. 170 
K to the galvinoxyl radical-combined triphenylmethyl radical. The ESR signal of the biradical 
at room temperature indicated an exchange interaction between the two radicals. The 
spectrum at 140 K had a zero-field splitting and ∆MS = ±2 transition signal at half-field, 
which are characteristic of a multiplet species. 
 In chapter 3, hyperbranched poly[1,2,(4)-phenylenevinyleneanisylaminium] was 
synthesized by the one-pot palladium-catalyzed polycondensation of 
N-(3-bromo-4-vinylphenyl)-N-(4-methoxyphenyl)-N-(4-vinylphenyl)amine and the 
subsequent oxidation with the thianthrene cation radical tetrafluoroborate. The average 
molecular weight of the polymer was 4,700−5,900 (degree of polymerization = 11−14), which 
gave a single molecular-based and globular-shaped image of ca. 15 nm diameter by atomic 
and magnetic force microscopies at ambient conditions. The aminium polyradical with the 
spin concentration (determined by iodometry) of 0.65 spin/unit displayed an average S (spin 
quantum number) value of 7/2 even at 70°C based on the NMR and magnetization 
measurements. 
 In chapter 4, the hyperbranched poly[1,2,(4)-phenylenevinyleneanisylaminium] was 
high-spin polyradicals even at room temperature. The trimer model compound, 
N-(4-anisyl)-N-(4-{[5-(4,4’-dianisylamino)-2-methylphenyl]vinyl}phenyl)-N-(4-{[5-(4,4’-dia
nisylamino)-2-methylphenyl]vinyl}-3-methylphenyl)amine, was synthesized from 
N-(4-methoxyphenyl)-N-(3-methyl-4-vinylphenyl)-N-(4-vinylphenyl)amine. The 
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corresponding aminium triradical displayed an average S (spin quantum number) value of 3/2, 
which supported the strong spin-coupling between the unpaired electrons of the aminium 
radicals through the pi-conjugated and branched phenylenevinylene structure. Head-to-tail 
linkage and the branched structure of the polymer were also studied by a model reaction of 
N-(4-methoxyphenyl)-N-(3-methyl-4-vinylphenyl)-N-(4-vinylphenyl)amine and 
bromobenzene. 
 In chapter 5, 2,6,10-tris(dianisylamino)-3,7,11-tris(hexyloxy)triphenylene was 
synthesized by the oxidative trimerization and the palladium catalyzed amination in high yield. 
The triaminotriphenylene was oxidized to 
2,6,10-tris(dianisylaminium)-3,7,11-tris(hexyloxy)triphenylene with equimolar amount of silver 
tetrafluoroborate. The 2,6,10-tris(dianisylaminium)-3,7,11-tris(hexyloxy)triphenylene was 
chemically stable with a half-life > 1 month and behaved as a quartet molecule even at room 
temperature. The quartet magnetic property was proved by the SQUID and the NMR shift 
susceptibility measurements. 
 In chapter 6, a pseudo-two-dimensional poly(anisylaminiumtriphenylene) was 
synthesized by the Pd-catalyzed copolymerization of 2,6,10-tris(p-anisylamino)- 
3,7,11-hexyloxytriphenylene and 2,6,10-tribromo-3,7,11-hexyloxytriphenylene and the 
subsequent oxidation with the silver tetrafluoroborate. The polyradical with the molecular 
weight (Mn) of 14,000 was chemically stable with a half-life > 2 weeks and behaved as a 
high-spin (S = 10) polyradical at 1.8 K based on the SQUID measurement. 
 The purely organic high-spin polyradicals will be able to be applied as new magnetic 
materials while they do not display ferromagnetism. The persistent and high-spin organic 
polyradical molecule has the advantages of a nanometer-size, designable molecular shape, and 
a tunable spin concentration with a radical generation step. This multi-valued expression of 
spin information upon the organic polyradical molecule is in contrast to the magnetic 
performance of conventional inorganic materials. The high-spin organic polyradical 
molecules with chemical stability, flexibility, plasticity, and moldability will open a new field 
of carbon-based magnetic materials.  
  
7.2 Future Prospects 
7.2.1  Pseudo two-dimensional poly(aminiumtriphenylene) 
 
 In chapter 6, the author describes the synthesis of the pseudo-two-dimensional 
poly(aminiumtriphenylene) and proved the high-spin state corresponding to the spin quantum 
number (S) = 10 at 1.8 K. The χmolT vs T values increased below ca. 70 K and were almost 
constant at 0.625 (theoretical value of S = 3/2 is 0.625) in the range of 70−180 K. These 
results indicated the strong spin coupling through the planar triphenylene skeleton and 
relatively weak interaction between the triphenylene units connected to the aminium radical. 
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Distortion of the pi-conjugated structure interrupted the strong spin-exchange interaction. 
Planar ferromagnetic couplers should avoid distortion of the pi-conjugated skeleton for the 
long-distance spin-alignment at room temperature. The stilbene and/or 
poly(1,2-phenylenevinylene) skeleton are hopeful candidates for the effective coupler 
possessing the planar pi-conjugated structure. Our group synthesized the stilbene and/or 
1,2-phenylenevinylene skeleton-based polyradicals, and proved their high-spin state and high 
coupling constant (J).1,2 Therefore, the pseudo-two-dimensional polyradicals, in which the 
triaminium triphenylenes interacted through the planar stilbene or 1,2-phenylenevinylene 
skeleton, will exhibit a long-distance spin-alignment even at room temperature. For example, 
copolymerization of a 2,6,10-tris(p-anisylamino)-3,7,11-tris(hexyloxy)triphenylene and 
3,4’-dibromostilbene is an easy synthetic route to prepare the pseudo-two-dimensional 
polyradicals possessing a stilbene backbone. Additionally, the 1,2-phenylenevinylene linked 
pseudo-two-dimensional polyradical can be prepared by scheme 7.2.  
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7.2.2  Liquid crystal possessing organic radicals 
 Discotic liquid crystals based on the triphenylene core have received attention due to 
the photoconductive property and fabrication of nano-sized materials formed by the mono- 
and multi- layer techniques.3,4 The triphenylenes stack on the plane of the other triphenylenes 
with a stacking distance of about 3−4 Å, and a columnar mesophase is formed. These stacks 
provide a one-dimensional and parallel charge migration along the columns. In this thesis 
study, we synthesized the high-spin molecule based on the triphenylene structure. These 
paramagnetic (high-spin) triphenylenes are expected to be a new type of liquid crystal, which 
orient and organize in an applied magnetic field. Most of the liquid crystals which orient in an 
Conclusion and future prospect 
 111 
applied magnetic field are liquid crystalline polymers. These liquid crystalline polymers 
orient in a relatively high magnetic field and their responses to the magnetic field are slow. In 
contrast, paramagnetic liquid crystal possessing radicals will align in a low magnetic field. 
Furthermore, the discotic liquid crystals, based on the triphenylene core, can be applied to a 
new type of molecular switch and transistor controlled by an external magnetic field. In 
Figure 7.1, the triphenylene columnar is stacked perpendicular to the substrate in the 
perpendicular external magnetic field, and this triphenylene layer is not conductive (off-state). 
On the other hand, the triphenylene columnar stacked parallel will be conductive in a parallel 
magnetic field (on-state).  
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Figure 6.1 Molecular switch using discotic liquid crystal
 
 
 A triphenylene substituted with diphenyl nitoroxide is the probable structure for the 
high-spin discotic liquid crystal because of its chemical and thermal stability. A large number 
of triphenylene derivatives melt at room temperature and exhibit a liquid crystal phase. The 
radicals of the high-spin liquid crystal should be stable in order to raise the temperature range 
of the magnetic orientation of columns. 
 Finally, several candidate paramagnetic liquid crystals are presented. These 
molecules, whose n-alkyl chains form lipophilic layers separated by an ionic and/or benzene 
plane, are expected to be thermotropic-lyotropic liquid crystals, and their column will align in 
a low magnetic field, compared with the liquid crystalline polymers. 
  
  Figure 7.1. Molecular switch using discotic liquid crystal 
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7.2.3  Intermolecular spin-alignment through pi-conjugated dianion. 
 Creating a magnetic molecular material demands the alignment of the spins in all 
three directions. The magnetic exchange interactions for spin-alignment are roughly classified 
into intramolecular and intermolecular (thorough-space) interactions. The intermolecular 
(through-space) interaction, which can three-dimensionally interact, is essential for bulk 
magnetic materials. In fact, some molecular magnets, in which the spins are 
three-dimensionally coupled, have been reported. The 1:1 tetra(dimethylamino)ethylene 
(TDAE)/C60 complex
5 exhibit a transition to a soft ferromagnet as a result of the 
charge-transfer. Also, several nitronylnitroxide crystals are bulk organic magnets in which the 
radical spins interact through dipole-dipole exchange6 and/or hydrogen bonding7 effect. On 
the other hand, a ferromagnetic transition of the polyradicals has not been reported despite the 
strong intramolecular coupling through the pi-conjugated skeleton. The intermolecular 
interaction between the chains may be essential for the ferromagnetic transition of 
polyradicals. A columbic interaction is a candidate for the intermolecular interaction between 
the polyradicals. For example, the benzene-1,3-disulfonate would be a ferromagnetic coupler. 
The m-phenylene bridge is well known as a ferromagnetic coupler. If cationic radicals are 
coupled with sulfonate, the spins of the cationic radical would be three-dimensionally aligned 
through the m-phenylene bridge. 
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Figure 7.2 Intermolecular interaction through benzene-1,3-disulfonate 
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